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THE NAME AND NATURE OF OR 


A Correspondence 


From Professor JosEpH F. McC.Loskey (Case Institute of 
Technology) to A. W. SwAn (Courtaulds Ltd.): 


“T have... read your very interesting paper on Time Study and 
Statistics* . . . | doubt that many American ‘purists’ would call 
this operational research. I think they would say the article is very 
well titled—which places it in the industrial engineering area. Your 
best argument for OR flavor is in the case of the cranes, where a 
major management decision was involved.” 


A. W. SWAN to Professor MCCLOSKEY: 


‘. .. The matter of the definition of OR continually crops up 
and although I have in the paper not in effect said that any of the 
jobs concerned in it were OR I would maintain quite strongly that 
these are Operational Research as I understand it. This definition 
to which you refer, that of management decision involved .. . all 
the work mentioned would qualify. Case A, which is given very 
briefly and has been described much more fully in a previous paper, 
brought about a major change in the relationship between top 
management and the mill. The crane study, as you indicate, involved 
several management decisions. As far as the work of Courtaulds’ is 
concerned this is actually incomplete but it should lead to quite a 
change in the Wcrk Study Department’s use of rating. There is 
another definition which I heard recently from Georges Brigham 
which I think he said was put forward by Ackoff, that OR properly 
speaking involved a conflict; by that definition all the cases men- 
tioned would qualify. I think often that OR is rather a point of view 
than anything else; this department, more or less accidentally has 
a good deal to do with what is known in this country as Organization 
and Methods but we find that the kind of thinking that goes on in 
regard to O. & M. problems is rather different from that of the 
accountant or office methods people and we therefore achieve 
rather different results.” 


A. W. SwAN to Professor MCCLOSKEY: 

‘*. . . | was so intrigued about your remarks about the ‘purists’ 
that I have been doing quite a lot of thinking about it since the 
point seems fundamental, and I would like to set down my thoughts 
about it a little more fully. 





* A. W. Swan, Time Study and Statistics, Operat. Res. Quart., December 
1956, 7 (4). 
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‘“‘“Goodeve’s definition of industrial OR is, I think, ‘the applica- 
tion of scientific methods to management problems’; this seems a 
pretty good omnibus definition and it does not make as an absolute 
requisite that fundamental changes in management are a result. I 
would subscribe to this definition but I would add that the team 
method, while not new, is an essential part of present OR practice, 
the team including not only different sorts of people from the OR 
Department but specialists, technical and otherwise, from the 
departments which are being helped. 

“It does seem that some kind of mathematical thinking is 
fundamental and has to be instinctive rather than explicit but I 
cannot see why the mathematical approach has to be an involved 
one; quite simple techniques may be extremely effective, including 
for instance Quality Control. I would not preclude from OR an 
investigation, the end product of which was a recommendation to 
install Quality Control. The experiment work leading to this con- 
clusion might be, and in fact often is, very involved and demands 
a high level of concentration and mathematical knowledge. Nor 
would I omit jobs which are inconclusive in themselves, leading to 
further work. We find that statistical methods of a fairly elementary 
type provide the answers to quite a large proportion of the problems 
that are put to us. 

“The majority of our problems do come to us by requests, and 
while we do have ambitions to carry out jobs which we think of, 
we are kept so very busy by these requests we do not seem to have 
very much time for expansion in this direction. 

‘*As I write this letter I have before me a list of the current jobs 
on hand in the Department and it might be interesting to review them. 


Charcoal and Briquette Efficiency. This is a planned experi- 
ment... at our Trafford Park Acetate Plant at the request of 
the Manager of that plant. 


Accuracy of Dye Light Fastness Tests. This again is a 
planned experiment laid out actually by the scientists in our 
Dye Research Laboratories who have done some study under 
Dr. Box and, therefore, know something about statistical 
thinking but who have asked our help in seeing that their 
experiments are laid out in the best possible way. 


Programming for ‘Duracol’ Production. This again is a 
request from the Manager of our Wolverhampton factory to 
help in planning production of ‘Duracol’ spun-dyed -yarn. 
This may develop into a linear programming job but it is a little 
early yet to be sure. 





Computer Applications Survey. We are looking into the 
possibility of buying a computer and the chief accountant of 
the company and I are in charge of this job. I do not think 
this is an OR job under any definition but the Company think 
that I am a suitable person to be doing this work. 


Rationalization of Bonus System. This arises from the 
computer survey and is my suggestion. It is a straightforward 
simplification of various curvilinear and straight line methods 
of paying bonus, settling down to basic equations . . . Although 
a simple job in method the outcome could be very important 
in saving of money to the Company through the reduction of 
clerical work. 


Nuneaton Twisting Department Production Study. This 
again is a request from the Manager of our Nuneaton mill to 
help in rationalizing to produce longer machine runs, etc. This 
is an extremely interesting and very complex business which we 
are laying out to be done on the Ferranti Pegasus computer 
as a service job. This is certainly OR under any definition. 


Influence of Atmosphere on Tensile Properties of Acetate 
Yarn. This is another request, this time from the Manager of 
our Little Heath Acetate Plant to investigate the effects of vari- 
ations in humidity on the properties of acetate yarn. It will 
presumably be a straightforward correlation study. 


Coventry Despatch Department. 1 have been asked by 
the Manager of our Coventry Main Works to investigate the 
documentation of our Finishing Department and Despatch 
Department. In the early stages this is a straightforward 
O. & M. job but might well turn out to be a transportation 
problem. 


Maintenance of Saunders’ Valves. The Saunders’ Valve is 
a patented valve with a diaphragm of rubber or some other 
material which is used in the manufacture of chemicals. We 
have been asked to examine the state of affairs in regard to 
this valve and this again is a quite simple planned experiment. 


Yarn Defect Analysis. This is another request from 
Nuneaton where they are worried at the apparent lack of 
relationship between the results from the Yarn Defect Analyser 
and the complaints they receive from customers of warps. 
The approach is statistical. 


“What do you think of the above?” 





Professor MCCLOSKEY to A. W. Swan: 


“Firstly, I want to disclaim any sympathy with the ‘purists’. . . 
At the same time, they are still somewhat in the majority among 
OR practitioners in this country. These are people who subscribe 
to Blackett’s early dictum that this is a business for physical scientists 
and mathematicians. Admittedly, they are mostly coming around 
to the position that, under special circumstances, it might be handy 
to have an economist or a psychologist help out on some study, 
primarily as a consultant. 

“ORO, where I was introduced to OR, and Case ... are both 
committed to a functional definition of OR. Both claim that the 
problem must be the central focus and that it must be attacked by 
such tools and techniques as are appropriate, no matter what the 
training of the possessors of these tools and techniques. Thus, 
ORO took on the problem of integration of Negro manpower into 
our Army because it was a problem that faced the management of 
the Army. The physical scientists didn’t know where to begin, and 
so a group of sociologists, psychologists, and historians took it on. 
Measurements appropriate to the subject were made and conclusions 
were arrived at quantitatively wherever possible. We think this was 
OR of the highest order; some of the purists have gone on record 
... that this is not OR, but is social science research. I would contend 
that the social science research approach would be useless in this case 
because social science research is not oriented to the concept of 
solving problems of management. 

“At the same time, I believe that we in OR must be careful 
not to claim as OR that which has been established firmly as the 
province of other professional groups. Thus, Industrial Engineering, 
Statistical Quality Control, Statistical Analysis, Economic Analysis 
and other professions have a very definite place in the scheme of 
things and we have no right to move into their territory unless we 
have something new and different to offer. I think we do. I think 
our offering is new and different in two important respects. 

“First, the degree of specialization that has been achieved in the 
modern world requires a high degree of synthesis if it is to be useful 
to mankind. The pure generalist cannot achieve this synthesis; it 
can be achieved only by specialists. OR thus performs a synthesizing 
function by bringing together teams of specialists, at least one of 
whom can understand and use the special knowledge involved in 
each aspect of the problem at hand. 

“Second, management has been forced in the past to perform 
this synthesizing function, no matter how complex the problem nor 
how vast the specialized knowledge required for understanding 
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of the problem. The various line and staff officers report to manage- 
ment, and, by some process of osmosis or some flight of genius, 
management is expected to make decisions. In effect, OR sits in 
the lap of management to receive these variegated reports and, by 
analysis rather than judgment or intuition, increases management’s 
understanding of what is involved so that management can make 
better decisions—with fewer ulcers and less hypertension. 

“Under these circumstances, it would be absurd for OR 
practitioners to spend most of their time achieving intimate know- 
ledge of the workings of an organization, when it is perfectly 
acceptable to bring into the team the people who are experts in 
the workings, thus combining specialization with experience to the 
mutual benefit of all. Thus at Case we like to get someone who is in 
accounting (because of his knowledge of costs and data sources) 
and someone in industrial engineering (because of his knowledge 
of plant processes) to work with our specialists when we take on 
a problem for industry. At the same time, we like these people to 
have some appreciation of research and to become researchers in 
the process of working with our people. They can then become the 
nucleus of the team to carry on the work after we have completed 
our share. 

“From the foregoing, I think you can conclude that we see 
almost eye-to-eye on the matter of what is OR. I think that this is 
because we are both problem-centred. If we were technique-centred 
we would disagree among ourselves and with the rest of the OR 
world—for OR is not technique but it is rather an organized effort 
to assault a class of problems, the problems being those of manage- 
ment at the executive level where the cross currents of line and staff 
requirements must be made to converge on the over-all objectives 
of the organization. 

‘Finally, I think that there are only two classes of problem 
that are inappropriate to an OR group. The one class is those prob- 
lems that can be solved as well (and probably more quickly and 
cheaply) by another group available to management (such as SQC, 
etc.). The other class is those problems requiring techniques not 
available (and not obtainable because of budget, etc.) within the 
OR group; if such problems are accepted, management must be 
apprised fully of the possibility of failure or of an incomplete 
answer.” 


The editors of the Operational Research Quarterly have to 
thank Professor MCCLosKEY and A. W. Swan for consenting to 
the publication of these extracts from their correspondence. 





A Scrutiny of the British Potato Crop* 
by 
D. A. BoyDt 


THIS application of operational research to agriculture was based 
on a series of investigations carried out in recent years on the yield 
of the potato crop in England and Wales. Before proceeding to the 
“‘case-history”, some general observations on the special conditions 
which prevail in this field are necessary. 

Conditions governing operational research in agriculture are 
very different from those obtaining in industry. In industry the field 
of study is often intensive, concentrated, sometimes highly competi- 
tive. Agriculture, on the other hand, impresses us first of all as being 
extensive, only very loosely organized; except on a few narrow 
sectors, it is subject to little internal competition and substantially 
protected from competition from abroad. Instead of the finished 
product appearing in minutes, hours or days, the production cycle 
in agriculture normally runs to months, often to years. Whether we 
experiment with a single variate or make use of complex factorial 
designs, we are often faced with a wide variety of uncontrolled 
factors, many of them highly correlated. Again, just as the agri- 
cultural industry is itself extensive, dispersed, so the organization of 
the personnel engaged in experimental and survey work is also loose 
and decentralized. Paradoxically, the investigator often meets with 
enthusiastic co-operation where the results can be of only limited 
value, and indifference where full information is essential. 

The idea of operational research in agriculture is often taken by 
the agriculturist to mean the collection of observational data on farm 
practice, usually, though not exclusively, based on a sampling 
technique. Whilst such surveys have been an integral part of most 
investigations of this kind carried out by the Statistics Department 
at Rothamsted, the characteristic feature of operational research lies 
in its joint exploitation of the complementary contributions of survey 
and experiment. The survey provides the essential background 
information, and sometimes can give a partial or preliminary 
answer where experimentation would be difficult or prolonged, but 
it is only by direct experiment that confident recommendations for 
improving existing practice can be made. In this context experimenta- 
tion need not necessarily mean fresh experiments; it is a peculiar 
feature of agricultural research in general, and especially of crop 





* Paper given before the Operational Research Society, 12 November 1956. 
+ Rothamsted Experimental Station. 





husbandry, that the relevant data may already be available, albeit 
scattered through the literature of the past fifty years. The assembly 
of such evidence itself presents problems which clearly come under 
the heading of operational research. To emphasize the importance 
of this fund of experimental data, mention might be made of a 
request for an opinion about the need for experiments on the depth 
of sowing of different crops. The present author was able to give the 
enquirer a reference to an excellent series of experiments carried out 
in Denmark as long ago as 1878, which fully answered the questions 
in mind. 

The potato crop occupies a special position in British agriculture 
in so far as it is much the most important of the crops grown for 
human consumption for which we are very largely dependent upon 
home production. It is impracticable to store any surplus from one 
season to make up for the deficiencies of the following season, and 
since neighbouring European countries generally experience much 
the same weather as ourselves, they can rarely make good any 
shortages in the British crop. Since the demand for potatoes is 
inelastic there is little incentive to over-production; for the same 
reason, a quite minor shortage, such as was experienced in the spring 
of 1956, soon gets on the front-page of the newspapers and leads to 
questions in Parliament. 

It was just such a shortage, but a much more serious one, which 
led to the rationing of potatoes in the winter of 1947-8, and it was 
this minor catastrophe that, in part at least, led to the series of 
investigations on the potato crop which are here described. For 
some time the Agricultural Improvement Council had been con- 
cerned at the low yields of this crop, having regard to the yields 
normally obtained by many competent growers and in field experi- 
ments, and they approached the Statistics Department about the 
possibility of making a special study of the potato crop to discover 
to what extent growers’ practice fell short of the requirements of the 
crop as determined by field experiment. In offering the Department’s 
co-operation, Dr. Yates recommended that at the same time a check 
should be made on the validity of the official estimates of yield. It 
was decided that the main item of the investigation would be a 
survey, planned and carried out jointly by officers of the Ministry’s 
National Agricultural Advisory Service and the Statistics Depart- 
ment, and having two main objects: 

(1) to provide an objective estimate of crop yield from sample 

weights, and 

(2) to determine the practice of growers in different parts of the 

country. 
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This survey was carried out in the years 1948, 1949 and 1950, the 
field work being undertaken by N.A.A.S. county staffs under the 
supervision of the Provincial Crop Husbandry Officers; altogether 
records were obtained for about 3,500 fields in 40 counties of 
England and Wales. 

Most farmers grow a small acreage of potatoes for home and 
local consumption, but there is only a limited number of specialist 
potato-growers. In selecting a random sample of farms to be visited 
the investigators were fortunate, therefore, in being able to use the 
“March 4th Returns’, a return at that time completed by every 
farmer and containing the acreages of the different crops, including 
potatoes, which he proposed to plant that season. It was thus 
possible to use a variable sampling fraction—a point of particular 
importance where, as in this case, a large part of the surveyor’s time 
is spent in travelling from office to farm or between farms. Whilst 
in general the sample was drawn on a county basis, one province 
(in order to equalize the load on district officers) preferred to sample 
a fixed number per administrative district, regardless of the impor- 
tance or otherwise of potato-growing in the district. Any loss of 
efficiency from this source was, however, small compared with a 
general failure to make the number of sampled farms per county 
proportional to the potato acreage of the county. In the Advisory 
Services there has always been a good deal of local autonomy, the 
effects of which are in general in the public interest; in this instance, 
however, there was an unfortunate tendency for counties with large 
acreages of potatoes to give less active co-operation than counties 
where potato-growing was of secondary importance. Perhaps they 
felt that they knew the answers already. Whatever the reason, it is 
estimated that, owing to their uneven distribution between counties, 
the actual number of yield-samples obtained was only as effective as 
one-half to two-thirds that number distributed in proportion to the 
county potato acreages. 

Two visits were made to each selected farm, the first in June or 
July and the second in September or October (i.e., as near as con- 
veniently possible to lifting). At the first visit the acreage of each field 
of potatoes was recorded. If only one or two fields were being grown 
on a farm, further particulars, including variety, date of planting, 
source of seed, fertilizers, cultivation details, etc. were obtained for 
each field; if there were more than two fields, the information was 
obtained for a random sample of two fields. At the second visit four 
systematically located sample lengths of row, each approximately 
6 ft long, were dug from each of the selected fields and the produce 
was weighed (ware, seed plus chats, and haulm were weighed 
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separately). The exact length of row lifted was determined by the 
row-width (measured at each sampling point) so that the area dug 
was constant. A third visit was made after lifting to a subsample 
of one in ten farms, where sample areas were marked out on the 
selected fields and carefully dug by hand to ascertain the amount of 
potatoes remaining in the ground. On this same subsample of farms 
measurements were also taxen at the first visit to determine the 
actual area of land under potatoes in each selected field, so that an 
adjustment could be calculated to allow for uncropped areas (such 
as headlands) which are normally included in the official acreage. 


Estimates of Yield 

The results of this part of the investigation were reported by 
G. V. Dyke and P. R. D. Avis,’ at that time members of the 
Rothamsted Statistics Department, and the following comparison 
of the survey results with the official estimates draws largely on 
their findings. 


TABLE I 
COMPARISON OF SAMPLE ESTIMATES WITH OFFICIAL ESTIMATES (TONS PER ACRE) 


1948 1949 1950 


Official estimates (excluding first earlies; sampled 
counties only) 

Deduction for seed and chats (estimated from the 
survey results) 


8:1 fie 8-3 
0:5 





Net yield of ware—Official estimates 78 





Sample estimates . . 9-9 
+21 





Excess of sample estimates over official estimates 





From 1949 onwards the county and national estimates of yield 
published by the Ministry of Agriculture have been built up from 
the yields of individual parishes as estimated by District Advisory 
Officers of the N.A.A.S.; in 1948 and earlier years, a similar service 
was provided by a network of part-time Crop Reporters. A com- 
parison of the official estimates of yield with those provided by the 
survey are given in Table I. Yields for counties not surveyed have 
been excluded from the official estimates and the figures refer to 
second early and maincrop potatoes only. It is a point worth noting 
that unless it is clearly stated to the contrary, the average yields 
which appear from time to time in the press refer to the average yield 
per acre including earlies; this overall average is often at least a ton 
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below those discussed here. Since the survey figures refer to ware 
over a 1} in. riddle it has been necessary to deduct a small quantity 
of seeds and chats from the official estimates to make the two sets 
of figures directly comparable. Table I shows that in each year the 
official estimates were about one-fifth less than those given by the 
samples. 

The estimates for individual counties are shown in Figure 1. 
The three full lines show for each year the regression of the official 
esti:nates on the sample estimates, adjusted for sampling error. 
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Ficure 1. Relation between official estimates and sample yields of counties 
in 1948, 1949 and 1950. Excludes samples of less than 20. 


Whilst the individual points show a good deal of scatter, the regres- 
sion lines themselves are remarkably similar, especially if one bears 
in mind that the personnel compiling the Ministry’s yields was 
entirely changed after 1948. At low levels of yield the agreement 
between the estimates is good but at high levels the official estimates 
are always less than those from the samples. It is well known that 
estimates of yield based on the appearance of crops tend to be 
subject to just the kind of bias which appears to be present in the 
official estimates; an example is provided by the comparison of 
farmers’ estimates of yields of their own fields of standing wheat 
with the ultimate threshed yields, from a survey carried out in 
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Hertfordshire in 1942 (Figure 2). The estimates were too conserva- 
tive, overestimating the poor crops, and underestimating the true 
yield of good crops. It is hard to resist the conclusion that there is 
a close analogy between the two examples. As long ago as 1926 the 
economist J. A. Venn pointed out that the official estimates appeared 
to understate the true production in years of plenty. It was no doubt 
as a result of this bias that, during the very bad season of 1947, the 
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Ficure 2. Relation between eye-estimates of yields and actual yields of 
37 fields of wheat in Hertfordshire. 


Ministry’s crop reporters predicted a rather low yield of potatoes, 
but not an exceptionally low one; in consequence, official action was 
not taken to reserve stocks until late in the autumn. 

Leaving aside now the official estimates, what-evidence have we 
that the sample yields are not themselves subject to bias? A check 
on the reliability of the fieldwork was obtained for a proportion of 
the surveyed fields by recording the actual weighed yields per acre 
for those fields for which the produce was sold directly off the field 
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or at any rate within a few weeks of lifting. Naturally the number of 
fields for which reliable information could be obtained was small— 
136 (9 per cent) in 1948, 72 (8 per cent) in 1949, and, due perhaps 
to a waning of interest in the survey, only 46 (4 per cent) in 1950. 
The comparison between the growers’ weighed yields and the mean 
sample yields is given in Table II. The table is complicated by the 
need to make certain adjustments to the figures to render them 
directly comparable. 

The largest of the adjustments to the sample yields allows for the 
fact that in normal commercial lifting an appreciable quantity of 
saleable potatoes may be left in the ground, whereas the samples, 


TABLE II 


COMPARISON OF FARMERS’ WEIGHED YIELDS AND SAMPLE YIELDS, ALL IN TERMS 
OF 1} IN. WARE (TONS PER ACRE) 


1949 1950 


Number of fields dz 46 

Mean yield (gross) from samples : 8-9 11-4 

Deduct—Ware left in ground . . 
Correction for acreage ; : , 1-3 ; 1-4 
Ware unsaleable . . 


Mean yield (net) from samples 





Mean of farmers’ yields 
Add: Correction to 1} in. riddle 





Mean excess of sample yields over 
weighed yields : —0-4 +0-9 
Standard error of mean excess +0: +0-2 +0°3 


__* Not obtained from samples; the estimates given are based on the fact that 
blight was more serious in 1950 than in 1948 or 1949. 


being dug carefully by hand fork, can be expected to have effected a 
complete harvest. Again, the grower normally calculates his yield 
per acre from the total acreage of the fields including headlands, etc. 
‘whether or not they are actually cropped, whilst the survey data refer 
only to the area actually under crop. For both items an estimate of 
amounts to be deducted from the sample yields was obtained in the 
course of the:survey. In the 1950 survey an estimate of the unsaleable 
ware potatoes in the samples was also made, the adjustment shown 
for the two previous years being a guess based on the 1950 figure. 
The agreement between the growers’ weighed yields and the 
sample yields was satisfactory in 1948 and 1949. For 1950 the samples 
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appear to have given rather an overestimate, though the accuracy 
of the comparison has been reduced by the small number of fields 
for which information is available. This was a “blight”? year and 
Dyke and Avis were inclined to attribute the discrepancy to losses 
due to rotting of tubers between the date of sampling and weighing- 
off of the crop. Taken as a whole, however, it seems that the sampling 
methods are capable of giving substantially unbiased estimates of 
the crop yield at the time of lifting. Sampling errors within and 
between fields were calculated: the standard error per field due to 
variation within the four individual samples is about 12 per cent of 
the mean yield; the standard error between fields within a county, 
including the “‘within field” error is (in terms of a single field) of the 
order of 40 per cent of the mean yield. Thus a well-designed national 
survey of 1,000 fields could give an estimate of the yield of potatoes 
for the country as a whole with an error of about +-0-15 ton per acre. 

It seems fair to conclude that the official estimates of yield are 
substantial underestimates and it might well be asked whether there 
is any corroborative evidence that this is so from independent 
estimates of potato consumption. So far as the author is aware, no 
really satisfactory balance-sheet of production and consumption has 
ever been made. Some attempt was made by the Ministry of Food, 
but as they were unable to make an independent assessment of 
wastage, no proper check on production was possible. However, it 
was discovered, after the A.I.C. survey had been under way for some 
time, that a similar sampling survey was already being conducted by 
the Ministry of Food. 


TABLE III 


COMPARISON OF ESTIMATES FROM MINISTRY OF FOOD SAMPLES WITH THE 
MINISTRY OF AGRICULTURE ESTIMATES 


Ware (tons per acre) 
8 1949 1950 


Ministry of Agriculture 8-0 7:0 8-1 
Ministry of Food samples 9-3 7:8 8-8 


Difference 1-3 0-8 0-7 


This survey covered some 1 ,300—1,500 fields in each of the years 
with which we are concerned; the number of fields per county was 
not directly proportional to the acreage planted, but was more 
representative than our own survey. Neither the selection of farms 
nor the sampling of fields seems to have been strictly random but is 
unlikely to have led to serious bias. Unfortunately we cannot directly 
compare the sample yields from the two surveys, since, before being 
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recorded, each yield in the Ministry of Food survey was multiplied 
by a rather obscure “correction factor’. We can, however, make a 
direct comparison of the Ministry of Food sample estimates with the 
official estimates of the Ministry of Agriculture for each year. These 
are shown for ware over a 1} in. riddle for England only in Table III. 
The samples exceeded the official estimates every year; for 1948 the 
difference between them was of much the same order as that given 
in Table I between the A.I.C. samples and the official estimates, but 
was much less in 1950. 


Husbandry Practice 


Having established beyond reasonable doubt that the national 
level of potato yield, although still well short of what was being 
attained by specialist growers, was higher than official estimates 
indicated, we then turned our attention to discovering where and to 
what extent growers’ current husbandry practices required modifica- 
tion. This has involved a thorough re-examination of the existing 
experimental data on the main husbandry aspects, including bringing 
together and summarizing a large number of isolated experiments. 

In any field of research it is natural to preface an investigation 
with a search of the literature for previous work on the subject in 
hand; as I have already mentioned, this step is of particular impor- 
tance in agricultural research because of the length of time which 
must elapse between planning an experiment and receiving the 
results. Moreover since much of the technological research in agri- 
culture has been in the past (and to some extent still is) carried out 
rather haphazardly on a county or provincial, rather than a national, 
basis, it often happens that any detailed search of the literature must 
be followed by a careful scrutiny and summarizing of the body of 
data available. 

As examples of this kind of approach, work by W. J. Lessels 
and the present author on the optimum size and spacing of seed 
potatoes,? and by G. V. Dyke on planting-date* might be mentioned. 
It should perhaps be first explained that owing to the climatic condi- 
tions in south and east England being favourable to the spread of 
virus diseases in the potato crop, it is necessary for growers to import 
fresh seed (i.e., ““seed’”’ tubers) from Scotland or Ireland. The cost of 
this new seed is one of the largest single items in the growers’ annual 
costs, and since the production and distribution of healthy seed is 
expensive of land, labour and transport, it is important, both-for the 
nation and the grower, that the available seed is used efficiently. 

There were two allied questions here, one concerning the 
prevention of degeneration due to virus, and the other concerning 
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the optimum seed-rate of potatoes. The problem of how to lengthen 
the healthy life of potatoes by means of sprays which destroy the 
insect vectors of the viruses is at present the subject of experiments 
being undertaken jointly by Dr. Broadbent of Rothamsted and the 
N.A.A.S. Here only the second question is under consideration. 
Since the beginning of the century considerable numbers of isolated 
experiments or small series had been carried out in this country to 
give information on the best size of seed-tubers and the best spacing 
of these tubers (usually called “‘sets’’) in the row; some of the earlier 
ones were poorly reported or were carried out on outmoded varieties 
and having rejected these we were left with seven series of experi- 
ments, in five of which both spacing in the row and set-size had been 
tested factorially. 

When a number of independent trials on the same subject are 
carried out in different places and in different years it is inevitable 
that quantities and levels of the treatments tested will vary consider- 
ably. How can they be brought on to a common basis? A strikingly 
successful example was provided by the late Ey M. Crowther and 
F. Yates* at Rothamsted when at the beginning of the war they 
summarized the results of all available experiments on the chief 
arable crops carried out in this country since 1900. The method used 
was to define the form of response curve for each fertilizer nutrient 
from limited numbers of experiments where a series of rates had 
been tested. The fertilizer responses obtained from the large number 
of two-level experiments, with their miscellaneous rates of dressing, 
could then be adjusted to an appropriate standard dressing. 

In the present example no very elaborate technique was required 
since the number of experiments was much smaller. At first sight the 
combination of several spacing and several set-size treatments, with 
the spacings and sizes varying from experiment to experiment, 
appeared to present an awkward problem, but fortunately it was 
realized that there was a close relationship between weight of seed 
planted and yield, and that it was of secondary importance whether 
the variations in seed-rate arose from changes in tuber-size or 
spacing between tubers. The first step in the investigation was there- 
fore to determine a mean curve for the response of yield to increased 
weight of seed planted. This curve, together with the individual curves 
for the more important series of experiments, is shown in Figure 3. 
For estimating the curves of individual experiments linear or 
quadratic equations were fitted between total yield and the logarithm 
of the seed-rate. .The mean curve was calculated in such a way 
that, within each successive seed-rate interval of 5.cwt per acre, its 
slope was the mean of the slopes of the fitted curves for individual 
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experiments. In each series of experiments increased seed-rates gave 
increased total yields, the increment falling off gradually as the seed- 
rate rose. 

Whilst inspection showed that the alternative ways of altering 
seed-rate—by varying either set-size or spacing between sets—were 
largely equivalent, it seemed worth while to discover whether or not 
there was any real difference between them. The point is of some 
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FiGurRE 3. Response of total yield to a variation of seed-rate. 


practical importance since there have often been complaints from 
the English grower that Scottish seed producers do not always adhere 
closely to the maximum permitted riddle size. To simplify the 
computations the individual curves were reduced to approximately 
straight lines by plotting total yield against the logarithm of the 
seed-rate and fitting a regression of the form 


Y,= Yo+, (log S—log Sp) 


where S=seed-rate in tons per acre, Y,=total yield in tons per acre 
at seed-rate S, Y,=total yield in tons per acre at a standard seed- 
rate S), b,=a constant. On the average there was in fact only a small 
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difference between the two ways of varying seed-rate, so far as total 
yield was concerned (Figure 4) and there was a compensating differ- 
ence in the behaviour of percentage ware (i.e., percentage of saleable 
tubers), so that as far as normal ware potato production is concerned 
we were able to conclude that it is the weight of seed planted, regard- 
less of spacing or set-size, which determines yield. This is an important 
conclusion for the grower, since it implies that the average size of 
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Ficure 4. Effect of changes in seed-rate on total yield. (Spacing distance 
varied, size of set constant.) 


tuber in his purchased seed is of little importance provided that he 
adjusts his spacing between sets accordingly. 

Having established the general relationship between weight of 
seed planted and crop yield it was simple to evaluate the optimal or 
most profitable seed-rates for given costs of seed planted and prices 
of produce (Figure 5). The optimum seed-rate for different costs of 
seed planted is shown by the dashed line, whilst the dotted lines show 
the range of seed-rates within which the net returns are within 
10 shillings per acre of the optimum. The costs and returns refer to 
1953; both have increased since then, but the increases have kept 
very much in step. 
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In most counties of England and Wales where Scottish or Irish 
seed is planted the cost per ton would be 350-400 shillings giving an 
optimum seed-rate of 15-17 cwt per acre. Where a grower’s crop is 
reasonably healthy he often grows on the seed from this crop for a 
further year; the cost per ton will then not be more than the cost 
of ware—say 200-250 shillings per acre at the 1953 price level, and 
the optimum seed-rate 20-25 cwt per acre. 
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Ficure 5. Net returns for different costs per ton of seed planted. 
Dashed line, optimum seed-rate for different costs of seed planted; dotted 
lines, range within which net returns within 10s. per acre of the optima. 


At this point the results of the survey were consulted to discover 
how far the grower’s current practice already conformed to the 
recommendztions. It was surprising to find that in fact there was a 
considerable discrepancy between theory and practice. In some of 
the main pot~to-growing areas of eastern England, which together 
account for abcut half the total acreage, the average planting-rate 
for imported seed was 20-23 cwt per acre compared with the 
optimum of 15-17 cwt per acre. Figure 5 shows that there is a wide 
range of seed-rates on either side of the optimum within which there 
will be little reduction of returns, but the actual seed-rates are so far 
above the optimal that the average loss per acre must exceed £1 per 
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acre. This is a small amount compared with the normal profit per 
acre from maincrop potatoes, but not so small as to be negligible. 

For home-produced seed, on the other hand, the average rate of 
planting was only 17 cwt against an optimum of more than 20 cwt 
per acre. The average loss of profit is 10-15 shillings per acre, the 
figure being small in the main potato-growing areas mentioned 
above, but appreciable in the rest of the country. 
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DATE OF PLANTING 
Ficure 6. Effect of date of planting on yield. (Survey data.) 








In accounting for the discrepancy it should be mentioned that 
many potato-growers have very definite views on what spacing they 
like to have between sets; in fact they aim at a given spacing rather 
than at a given seed-rate. Consequently, for imported seed, which 
tends to be large, seed-rates are high; for once-grown seed, on the 
other hand, there is a great temptation to sell off as ware as much 
as possible of the larger seed, leaving only the smaller seed; without 
close spacing the resulting seed-rates are much below the optimum 
rate given above. 

In the example just described it was fortunate that a substantial 
body of experimental data already existed on the effect of variation 
of seed-rate on yield. Very often, however, we may be dealing with a 
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subject on which no direct experimental work has been done 
previously and it has then to be decided what weight, if any, should 
be attached to estimates of the effect of one or more factors obtained 
solely from data of the survey type. An example is provided by work 
done both before and since the survey of maincrop potatoes on the 
effect of date of planting on yield. On general physiological grounds 
one would expect early planting to be beneficial to tuber formation 
in providing a larger leaf-area for photo-synthesis during June and 
July, the months with the highest number of hours of sunshine. The 
first quantitative estimate of the magnitude of this factor was 
obtained by P. H. Gregory® from 40 experiments carried out in the 
years 1940-43 which include one of the seed-rate series discussed 
above, and for which date of planting was available as an uncon- 
trolled factor. Gregory plotted the mean yield per experiment 
against planting-date and found a marked linear trend from about 
16 tons per acre at the beginning of April to about 9 tons in mid-May 
indicating a loss of about 1-2 tons per acre for each week’s delay in 
planting during this period. We were, therefore, particularly interested 
to obtain an alternative estimate of the effect of date of planting from 
the survey itself; Figure 6 shows for each year the mean yield of 
potatoes for fields planted in successive 10-day periods. All three 
years showed a loss in yield with late planting, the loss being a good 
deal smaller in 1950 than in the other two seasons. The average loss 
of 0-45 tons per acre for each week’s delay in planting is very much 
less than that given by Gregory. Whilst Gregory’s data were con- 
trolled for seed-rate and degrees of virus infection there were 
evidently large site-to-site differences in addition to, and closely 
correlated with, date of planting. 

Following the publication of Gregory’s figures a small series of 
field experiments was undertaken at Rothamsted, and later at other 
experimental farms also. In the Rothamsted experiments the effects 
of fertilizers and farmyard manure (f.y.m.) were also tested. If we 
take only the average effects of planting-date (i.e., at all combinations 
of fertilizers and f.y.m.), the loss in yield from early April to mid-May 
amounts to only 0-3 tons per week, but since the effects of f.y.m. and 
all three fertilizer-nutrients also showed a marked decline at later 
planting-dates a figure more comparable with the survey data would 
be given by plots receiving a complete fertilizer with or without 
f.y.m. Ignoring the high order interactions, it appears that the 
combined effects of f.y.m. and fertilizers fell from 8-1 tons per acre 
in early April to 4:5 tons in mid-May; supposing that in fact only 
one half of the potato crop normally receives f.y.m. the estimated 
decline from all the experiments taken together amounts to about 
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0-5 tons per week. Such a close agreement must be regarded as largely 
a matter of chance. The grower who plants early tends to use 
healthy seed, ample fertilizer and so on, so that survey data will very 
often overestimate the true effect of any one factor unless, as is rarely 
the case, it is possible to allow for the effect of all other contributory 
factors. In the present data, which cover the whole of England and 
Wales, it is probable that this tendency to overestimate has been 
counterbalanced by differences in the optimum planting-date in 
different parts of the country. 

From the survey data we know for each of the three years the 
proportion of the total acreage planted by any given date and we can 
therefore calculate the loss in yield due to late planting. The mean 
loss per acre due to failure to plant in the first ten days of April was 
estimated by Dyke at about three-quarters of a ton, of the order of 
£10 per acre at current prices. 

How far this loss would be increased if it were possible to work 
on the combined effect of fertilizers and time of planting it is 
impossible to say with the present small number of experiments in 
which the two factors have been tested. The survey does show clearly 
that much less fertilizer is used in districts which plant late; thus, 
there may be little point in improving fertilizer use without at the 
same time planting earlier, where this is possible. Again, in the 
Rothamsted experiments the fertilizers were sown over the ridges at 


planting; it is possible that less efficient methods of placement, such 
as broadcasting the fertilizer before machine-planting, may give 
different results. It is evident that even if we consider only this quite 
limited aspect of potato growing a good deal more experimentation is 
required. 
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ESTIMATION OF THE NUMBER OF HOLES 
AND CHARGE PER ROUND IN 
TUNNEL DRIVAGE 


by 
A. MERCER* 


BEFORE a new area of coal can be developed, tunnels have to be 
driven through stone from the bottom of the pit shaft to the coal 
seam. Driving a tunnel consists of four component operations which 
are :— 

(i) Drilling holes in the tunnel face to a predetermined pattern. 

(ii) Charging the holes with explosive and firing the round. 

(iii) Mechanically loading the rock, which has been brought 
down by the explosion, so that it can be removed from 
the tunnel. 

(iv) Setting supports for the freshly exposed tunnel roof. 

The problem described in this paper is that of determining 
relationships for the minimum number of holes and the total amount 
of explosive per round required for a particular type of pattern known 
as the wedge cut. 

It is important that both the number of holes and the charge are 
estimated with the greatest possible accuracy. If either were larger 
than necessary, time and materials would be wasted. If either were 
underestimated, the face would not fire satisfactorily. For example, 
a larger amount of explosive than necessary would not compensate 
for too few holes. The resulting pile of rock would then contain 
large pieces which are difficult to load mechanically. 

From the operational research point of view, the problem is 
interesting not because of the techniques used to solve it but because 
it is an example of what the analyst can achieve in a field in which 
he has had no formal training. Mining engineers have always asserted 
that the diverse geological conditions cannot be represented numeri- 
cally and that estimation by formulae is therefore impossible. 


The Data 

The number of holes and the charge per round are obviously 
affected by the dimensions of the tunnel and the strata. The effect of 
the strata will not only depend on the types of rock which occur in 
the face. The pressure being exerted on the rocks, the thicknesses of 
the bands of different types of rock and the geological characteristics 
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of the rocks (e.g. whether they are badly fissured) all contribute to the 
resistance of the strata to fragmentation by explosion. 

The following data were obtained for forty-one tunnels at 
different collieries :— 

(i) Cross-sectional area of the tunnel. 

(ii) Depth of the pull obtained per round. 

(iii) Gradient of the tunnel. 

(iv) Number of holes per round. 

(v) Total charge per round. 

(vi) Detailed description of the strata. 

It is desirable to estimate the total charge of explosive per round 
rather than the average charge per hole because the holes are not 
equally charged. 


Practical Difficulties 

Before work begins on a problem, it is important that the 
research worker should be aware of the interpretations that might 
be placed on the results. In this case the relationships may be 
interpreted in two ways. Firstly, they can be regarded as setting 
norms for colliery practice. Secondly, they can be regarded as 
estimates of theoretical relationships. 

Obviously, the second interpretation suffers from the dis- 
advantage that the relationships will reflect normal colliery practice. 
The alternative of carrying out experimental work is severely limited. 
Neither sufficient tunnels for the results to be valid for all the different 
conditions nor the manpower 'to carry out experimental work in a 
reasonable time are available. 


Resistance of Strata to Fragmentation by Explosion 


The resistance of solid rock to fragmentation by explosion is a 
property of the rock itself and should be approximately constant. 
The resistance of the strata encountered at a tunnel face should 
depend on the types of rock in the strata and the geological forma- 
tion. The coal-measure strata vary so greatly that it would be 
impossible to obtain different relationships for each type likely to be 
encountered. 

The first approach to the problem of developing relationships 
was to use a small number of qualitative classifications of strata. 
The observed range of the cubic feet of rock extracted per pound of 
explosive used was divided into three; the strata were classified as 
difficult, average and easy to disintegrate. A relationship for the 
number of holes was calculated for each class of strata. This method 
was unsatisfactory because there were large discontinuities between 
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the number of holes for different classes. In practice, the number 
increases continuously as the strata become more resistant to 
fragmentation. However, as a result of this work, it was obvious 
that tunnels in which the gradient was greater than one in five did 
not obey the same relationships as less steep tunnels. Such tunnels 
were small in number and were omitted from subsequent analyses. 

Because a small number of qualitative classifications cannot be 
made, it is necessary to introduce a quantitative measure of resistance 
to fragmentation by explosion. A measure, which can easily be used 
to derive a stratum’s resistance, is needed for each type of rock. 
The cubic feet of rock extracted per round of explosive used was 
calculated for each tunnel and the strata were classified geologically. 
Although the resistance should be constant, this quantity is not 
constant, for a tunnel which is twice as large as another in the same 
strata would not need twice the amount of explosive. The average 
value of the cubic feet of rock extracted per pound of explosive used 
was calculated for each type of strata. This measure has been called 
the “blasting index”’ of the strata (H). By taking the average, it was 
hoped to reduce the dimensional effects and the effect of incorrect 
charging. 


The “‘Blasting Index’ of Strata 
Enough of the index scale is given in Table I to enable the 


“blasting index” for any strata to be estimated reasonably accurately 
and without difficulty. 
TABLE 1 
BLASTING INDICES OF STRATA 
Strata 


Whin. Finely grained sandstone 
Sandstone 

Sandstone with shale* 

Clift 

Shale with sandstone 

Bind. Hard shale 

Mudstone 

Soft shale 


* Sandstone with shale implies that the sandstone is predominant. 


If the strata consist of bands of two or more different types of 
rock, the “blasting index” will usually lie between the greatest and 
the least index. It will depend on the relative thicknesses of the bands 
and the number of bands. The following indices illustrate this 


point:— —_ 2/3 Whin with 1/3 clift 10 
Clift with periodic bands of fireclay 16 
1/3 Clift with 2/3 soft shale 21 





Allowances must be made for any exceptional geological 
characteristics of the rock. For example, it would be quite incorrect 
to include badly fissured shale in the same index category as shale. 

It is impossible to find the “‘blasting index” for coal because the 
face cannot be fired in one round. A reasonably good estimate is 
obtained by taking it to be that of soft shale. 

The indices have little meaning except in relation to the problem 
for which they were developed. The only justification for using them 
is that the estimates of the number of holes and charge per round are 
better than would otherwise be obtained. 


The Number of Holes Per Round 

A regression analysis was performed for the number of holes 
on the area, the pull, the “‘blasting index’’ and the squares of these 
variables. The squared terms were included because there was con- 
siderable feeling within the mining industry that the dependence on 
the variables was not linear. 

Within the limits of the observations* the dependence of the 
number of holes on the area and the “‘blasting index” was significant 
at the 0-1 per cent level. The other variables did not affect the number 
of holes. The number of holes did not depend on the volume as well 
as the area. The relationship is 


n= 37:5+0-130A—1-15H 


where n is the number of holes per round and A is the cross-sectional 
area measured in square feet. The number of holes for different areas 
of cross-section and given values of the “‘blasting index” are given 
graphically in Figure 1. 

The 95 per cent confidence limits are within 10 per cent of the 
estimated number of holes except for small tunnels being driven 
through strata which are easy to disintegrate. The confidence limits 
are sufficiently close to the estimate for the relationships to be 
considered reliable. If they were very near to the estimate, then there 
would be a lesser need for a norm because all the men would be 
making accurate predictions. Even then, the derived relationship 
might not be.a correct approximation to the theoretical relationship. 


Total Charge Per Round 
Regression analyses were performed for the total charge per 
round on the pull, the cross-sectional area, the volume and the 


“blasting index”’. 





* Ninety-five per cent of all the tunnels driven in 1955 had dimensions within 


the limits of the observations used in these analyses. 
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The total charge was more dependent on the volume and 
“blasting index” than on any other pair of variables. This is to be 
expected because the “‘blasting index” for strata is defined as the 
average volume of rock which will be extracted per pound of 
explosive. The relationship is 

E = 72:-44+-0:06444P—4-37H 
where E is the total charge per round in pounds and P is the pull in 
feet. However, after fitting the volume and the “blasting index’”’, the 
pull was significant at the 2-5 per cent level. The dependence on the 
volume, pull and “‘blasting index’”’ was less significant than that on 
the area, pull and “blasting index’’. The relationship is 


E= 06+ 12:6P+0:360A —4-28H. 


The less accurate formula is represented graphically in Figure 2. 


An Application 

An interesting example of the application of these relationships 
is provided by the results in five tunnels. They were visited during 
another investigation and form a random sample as regards the 
number of holes and the charge per round, which are given in 
Table II. 

TABLE II 
APPLICATION OF THE RELATIONSHIPS 


Number of holes Total charge per round 
Observed Estimated (Observed— Observed Estimated (Observed— 
by formula Estimated) by formula Estimated) 
110 0 
44 
54 
57 
66 


At the fourth tunnel, the fragmentation was so bad that the loading 
time was increased by 10 per cent. To the observer, it appeared that 
too few holes had been drilled but the relationships show that this 
was not the case. The trouble was due to the holes being under- 
charged and badly placed. 


Expected Economies 


The number of holes derived from the relationships given in this 
paper cannot be expected to be exactly applicable to the wide 
variety of conditions encountered in coal measure headings. The 
relationships will be of greatest value to the mining engineer who is 
responsible for a tunnel drivage in strata of which he has had no 
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previous experience. For example, he might use fifty holes to make 
certain that the face would fire satisfactorily when approximately 
forty holes would have been sufficient. 

During the next fifteen years, a large development programme is 
to be carried out by the National Coal Board; an average of two 
hundred miles of tunnel will be driven each year. 

It is important that the number of holes and charge per round 
in each tunnel should not be excessive. If one per cent of holes 
drilled and fired were unnecessary, the cost of wasted labour and 
materials would be approximately £21,000 per annum. 

On the other hand, if too few holes were used, the fragmentation 
of the rock would be poor. The time to break large lumps, during 
which none of the crew would be engaged on productive work, 
would be longer than the time for one man to drill and charge the 
extra holes. If one per cent too few holes were used, the cost would 
be increased by at least £27,000 per annum. 


Conclusions 

At present, the man who has to determine the number of holes 
and the charge per round has to account intuitively for the type of 
strata and the dimensions of the tunnel. As a result of the work 
described in this paper, it is possible to estimate the number of holes 


and the charge per round by formulae. The tunnel supervisor has 
only to fit his particular strata into a scale of indices. This can be 
done reasonably accurately and without any difficulty. 

Contrary to belief, the number of holes does not depend on the 
pull and the relationships are linear for tunnels likely to be 
encountered. 
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INSPECTION IN THE PAPER INDUSTRY* 
by 
H. F. RANcet and |. F. HENDRYt 


It is the custom in mills making good quality paper which is to be 
sold in sheets for the paper to be inspected by girls who reject as 
unsaleable those sheets of paper having blemishes such as dirt spots, 
folds, creases, torn pieces, bad colour, etc. In order to try to find out 
the cause of these rejections a lot of rejected paper was analysed. It 
was found that the analysis was by no means accurate and that further- 
more the inspection allowed a certain amount of latitude in the 
determination of what was rejectable paper. This present article is an 
attempt to analyse the factors involved in the inspection of paper. 


SoME general observations about the nature of the paper-making pro- 
cess may be a useful preface to the more specific subject of the paper. 
It is not generally appreciated that the paper-making industry 
is in some ways one of the most advanced of our industrial systems. 
The recent public interest in “automation” has brought this home. 
Automation implies continuous automatic production of articles, 
stabilized by corrective feed-back supplied by automatic controls. In 
such a system, human attention is required only to supply raw 
materials at the beginning of the process, to watch for exceptional 
failure along the process line, and to remove the final product. 

In this sense, modern paper-making is not fully automated, but 
it is very nearly so. It was very largely so even one hundred and fifty 
years ago. A terminal date is supplied by James Whatman in 1768. 
Before that time, paper was made in single sheets by draining the 
water from a fibrous pulp suspension through a wire cloth, in a 
mould of the same size as the sheet to be made. That was a simple 
batch process for making single units of the desired article. In 1768, 
Whatman had the brilliant idea of making two sheets together, 
in a single mould. He is recorded as saying, “I am the first person 
that made it double, two sheets at once; they were in January 1768: 
and the first made from these moulds that was ever sent to London 
was in 1]th March, 1768”’. 

A simple idea, but a brilliant one, containing the germ of the 
idea that eventually produced the so-called Fourdrinier machine 
(invented by one Robert—not Fourdrinier) on which a continuous 





* Paper given before the Operational Research Society, 17 February 1956. 
+ Wiggins Teape and Co. (1919) Ltd. Dr. Rance is Director in Charge 
and Mr. Hendry is Assistant Manager of Research and Development. 


30 





web of paper was made by drainage of a pulp suspension through 
an endless belt of wire cloth, followed by a train of drying cylinders 
and a reel up. In this process, the ultimate article of production, the 
sheet of paper, is produced by a continuous cutting process which 
can even be attached to the end of the paper-machine. This 
separation, one from the other, of the individual sheets, is some- 
times postponed until a late stage in marketing—for example, 
newsprint is not cut up until after the printing of the news; toilet 
paper at an even later stage in events. But in all cases, the individual 
sheet is the finally consumed article, and the whole process of 
continuous production is a technological device for increasing 
productivity through automation. We may add that more recently, 
corrective feed-back is being introduced into the continuous process, 
with ever-increasing rates of productivity: genuine automation is 
close at hand. 

The automatic character of the paper-making process is also 
evident from the brief survey of the financial structure of the paper 
industry. In the U.K. it is about the seventeenth largest in terms of 
turnover, having a yearly sale of about £250,000,000 and 1-9 million 
tons, with a total staff of 70,000. It is an industry with a high capitai 
content per worker and a high proportion of indirect labour. The 
monetary yearly gain per worker is also high, at about £1,000, and 
the index of production for the industry has shown the second 
largest increase in the country since 1949. Being an industry in which 
machines rather than personnel matter, however, it has stayed out- 
side the clutches of the O.R. people. The capital per worker in the 
industry—if worker is taken as all employees—is about £10,000. In 
a mill producing about 200 tons of paper a week for sale at, say 
£30,000, there will be about 50 workers directly employed on making 
paper, probably about 30 engineer workers, and anything up to 
100 ancillary staff, laboratory staff, and paper inspectors. The direct 
labour is on three-shift working, so that at any one period there will 
be only about 17 men actually making paper. The number of 
ancillary staff is highly dependent on the type of paper being made, 
and in particular it is only in the “‘fine paper” mills where sorting, or 
100 per cent inspection of individual sheets, takes place that the 
ancillary staff is high. 

In the case of paper despatched “‘on the reel”’, spot inspection is 
necessarily confined to occasional samples—a sheet at the end of 
each reel, which may weigh up to 2 tons or so. Such spot inspection 
is a clumsy approach to process control, since it involves a con- 
siderable time lag, and can deal with a minute fraction (q9/99 or 
less) of the paper. Consequently, automatic devices for measuring 
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and continuously reading the qualities of the paper are increasing 
in favour. Already on our machines we record continuously the 
weight per unit area, the thickness, the moisture content and the 
so-called ‘“‘wildness”’ of the paper. Very soon we shall be recording 
continuously the opacity, the colour, the gloss, and the incidence of 
dirt spots, in the paper. Already we measure continuously, with 
feed-back correction, several of the properties of the pulp stock which 
flows on to the drainage wire, and soon the measurement of the 
paper properties also will in some cases be used for corrective feed- 
back to appropriate controls. 

Despite these advances, which are especially in evidence on the 
larger and more modern machines, many installations are still 
subject to unavoidable variations of raw material or process, leading 
to defects which may make necessary a sheet-by-sheet inspection of 
the final product before despatch. This applies especially to the 
higher quality papers, made of expensive—but variable—raw 
materials such as rags, necessarily made on old small machines 
because of their small tonnage, subject to extra quality demands 
such as quality and location of watermark, and subject to the 
extra process hazards involved in the operations of calendering, 
embossing, slitting, and cutting—even cutting to register in the 
case of some of the expensive watermarked papers. i 

The process of sheet-by-sheet inspection, known as sorting, 
takes us immediately out of the realm of automation, back to the 
other extreme, where each article is individually handled, judged, 
rejected or accepted. Compared with the continuous making process, 
sorting involves very low productivity, and a very high proportion 
of labour. Also, by experience, we know that it results in a very high 
rate of rejection, often as much as 15 per cent, much higher than 
occurs in the inspection of paper despatched on the reel, even in 
those cases where it happens to be the same type of paper. The 
consequent high process costs may largely be justified by the high 
quality that is guaranteed in the final product, but in any c 3e there 
is here considerable scope for possible reduction of process costs, if 
the sheet-by-sheet system could be replaced by some equaliy efficient 
method involving less labour, and perhaps leading to less rejections 
of usable material. 

For these reasons our Research staff undertook an investigation 
into the sorting process at one of our fine mills, making high quality 
watermarked paper. The starting point of the investigation was a 
classification of the faults encountered. 

We took five main classes of fault and the first thing to observe 
is that they are all single sheet faults. Thus the fact that any one sheet 
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has a given fault is no criterion that any other sheet should. The other 
_ more major faults which can affect a whole making comprising 
“thousands of sheets of paper do not, or should not, reach the sorters 
but are noticed by the machine crews, and either remedied by 
corrective action, or dealt with by rejection of complete reels or 
makings. 

In the particular mill we studied, the faults were :— 

Damp; Dirt; Reelmarks and Creases; Out of Register; 
’ Broken Sheets; and Miscellaneous. 

Each category can comprise many internal types of fault. 

Dirt. Those dirt faults so far identified include slime, scum, 
fibre clumps, shive, surface dust, grease and oil, bitumen, coal and 
just spots. They are due to dirt in the raw material or added during 
processing. 

Damp. This comprises puddles, stack reeling, troughs, waves 
and cockles. Damp in general is caused either by faulty drying of 
the paper or by subsequent unwanted rewetting. 

Reelmarks and Creases. These are sheets which have creases 
or “piping” on them. They are caused by faulty reeling. 


Out of Register. This is paper in which the watermark is not in 
its correct place in the middle of the sheet. 


Broken Sheets. These comprise all the handling faults—folds, 


cracks, tears, holes, faulty cutting, and so on. 
Miscellaneous. Miscellaneous faults comprise everything from 
finger marks to “funny looking”’ paper. 


Mill Sorting 


This is carried out at high speed by girls, working individually 
or in pairs, depending on the size and opacity of the sheet. In this 
particular mill the sorted-out bad sheets—called ‘“‘broke’—are 
analysed by other girls into their various categories. This analysis is 
done fairly roughly by girls who have not yet reached the competence 
or speed required for sorting. 

Our work was intended first to see whether the analysis produced 
by these girls was a reasonable analysis of the broke produced. As 
a secondary effect we hoped to see whether definable sorting 
standards could be set. 

The work done shows that analysis of the rejects as done by the 
girls in the mill does not conform with that done by research 
personnel. The reasons for this are the subject of the main part of 
this paper. It also shows the main categories into which rejects can 
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be placed. As a corollary, we have found that there is a wide 
difference between inspectors and on a single inspector, between 
times of day, as far as their rejects are concerned. Finally it has 


TABLE I 
Bl B2 B3 

Mill WTGRO Mill WIGRO Mill WITGRO 
Damp ; : : 54 18 
Dirt ° . 2: 22 
Reelmark and creases : . ° , 3- — 
Cut out of register . ° ° 3° 23-8 
Broken sheets , 3° 4: 16°6 
Miscellaneous , . ° : 1- 19-3 
Sound paper . — 0-4 


WTGRO 


Separate 
Random Analyses for 
Sampling Broke Stack 


Damp 

Dirt 

Reelmark and creases 
Cut out of register 
Broken sheets 
Miscellaneous 


TABLE II 
DIRT TYPES AS PERCENTAGE OF TOTAL DIRT 
BI B3 B4 = Average 


Slime 13 

Gelatin scum 

Fibre clumps 

Shive 

Surface dirt 

Grease and oil 

Bitumen, coal, etc. 

Fine dirt 

Red oil spots 

Yellow oily spots 

Soap spots 

Rosin spots 

Unidentified 

Total broke as per- 
centage of making 

Dirt as percentage , 
of making 2 A-7 0 3-0 


N 
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a9 
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shown us that, because of the lack of standards, the overlapping of 
faults and other unknown causes, the mill is sending out some paper 
which might well be classified as reject in the absence of reliable 
rejection standards. Alternatively—and this is far more likely, in 
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view of the fact that complaints are few—much of the rejected paper 
could be classed as good with no detriment to our saleable quality. 

Method of Operation. We ran four trials, in which paper was 
sampled using a latin square design from the reject piles of the girls 
who were inspecting it. Say, for example, eight girls were inspecting 
a certain making, we would sample at eight random intervals from 
each girl. This paper was then analysed for its faults by us and the 
results compared with the analysis obtained by the mill “broke 
analysers’. These people take all the rejects and ‘riffle’ through 
them to estimate the quantities of each type of rejected paper. Table I 


TABLE Ul 


DAMP CLASSIFIED BY TYPES AS PERCENTAGE OF TOTAL DAMP 
B2 S B4 Average 


Unidentified 0 2: 50 24 
Puddles 46 ' 5-0 18 
Slack reeling due to 
bad drying 43 
MD troughs 6 
Waves and cockles 5 
Broke as percentage 
of making 33 
Damp as percentage 
of making 0-5 1:7 , 0-8 


TABLE iv 
BROKEN SHEETS (PERCENTAGE OF EACH TYPE OF FAULT) 
B4 Average 

Folded 10 16 
Crack/crease 58 75 64 
Torn 13 15 
Holes 
Cutter fauits 
Miscellaneous broken sheets as 

percentage of broke 8-4 a : 16 
Broken sheets as percentage of 

making 0:67 0-7 1:5 1:3 1-0 
shows how our categorization compared with that done by the mill 
analysers; Tables II, III, and IV show the break-down of our dirt 
types, damp, and broken sheets respectively. 

Our normal method of analysing the broke was to go through 
the piles looking for dirty sheets. Having marked these, we then 
went through the rest looking for damp, and so on. The mill, how- 
ever, flip through the pile of broke and when they find a particular 
cause they remove a pile of paper around this cause. 

The result is, as might be expected, that our figures for dirt are 
high, whereas the miil figures for out-of-register are high. As one 
flips through a stack of sheets, a misplaced watermark is extremely 
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noticeable and thus they would concentrate on that fault. We 
contend, however, that our mode of sorting is more akin to that 
done by the inspector in the mill who is looking for dirt and other 
surface irregularities and finds it difficult to spot watermark faults. 
It would be fair to suggest that our figures for dirt are correct, while 
the mill figures for watermark faults are correct, particularly as this 
latter is not a randomly occurring fault, but comes in spasms. 

In a further analysis we classified each sheet according to all 
the faults found on it. The results were quite surprising, because 
there was a considerable overlap of faults. Table V summarizes the 
the overlap classification. In 800 sheets, there were 1,430 faults, and 


TABLE V 


Single Fault One Other Two Other More than 
Only Fault Faults Two Faults 


Dirt S 20 
Damp 16 
Broken 2 16 
WM 20 
Reelmark i 


TABLE VI 
DIFFERENT METHODS OF SORTING THE SAME SHEETS 


Sorted Dirt Sorted WM 
First First 
Percentage Percentage 


Dirt 69-7 

Broken sheets - 

6°4 
Reelmark IZ 
Drying 0:1 
Miscellaneous 0:8 

only 287 sheets, or 36 per cent, had only one fault, 49 per cent had 

two faults and 15 per cent more than two faults. 

This overlap means, first, that if one sorts for one fault only the 
proportion of the fault is exaggerated. To show this, Table VI 
indicates what would happen if the stack had been sorted in two 
different ways :— 

(i) The way as previously employed by us, i.e. 

(a) Reject all dirty sheets. 

(b) Reject, from the remainder, all broken sheets. 
(c) Reject, from the remainder, all damp sheets. 
(d) Out-of-register. 

(e) Reelmark and creases. 

(f) Drying faults. 

(g) Miscellaneous. 





(ii) The way the mill analysers appear to work. 
(a) Reject watermark faults. 
(5) From the remainder, reject broken sheets. 
(c) Damp. 
(d) Dirt. 
(e) Reelmark and creases 
(/) Drying faults. 
(g) Miscellaneous. 


TABLE VII 
CLASSIFICATION OF 3 ACCEPTED REAMS FROM TRIAL B4 


Ream | Ream 2 Ream 3 
Per- Per- Per- 
centage centage centage 
Sound paper 342 68 371 74 282 56 
Broke 158 32 129 25 218 44 


BROKE CLASSIFICATION 
No. of Sheets Average 


1] 18 18 
12 
29 
23 
Reelmark and creases 
Miscellaneous 


Dirt and damp 

Dirt and broken 

Dirt and register 

Dirt and miscellaneous 
Damp and broken 

Damp and register 

Broken and register 
Broken and miscellaneous 
Register and miscellaneous 


Three or more faults 


—_ i ht et CO LO f. KO NO 
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The overlap could thus give a large discrepancy between two 
results. It is felt that this is, in fact, an explanation of the discrep- 
ancy shown in Table I. 

The fact that such an overlap of faults exists is most significant. 
Some faults may go together, but there is no reason to suggest that, 
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for instance, out-of-register sheets should be dirty. The largest over- 
lap is between dirt and broken sheets. This is quite feasible, but there 
is also a considerable overlap between dirt and watermark. 

One hypothesis that might be drawn from this is as follows. 
There is no reason to assume that paper with two faults is unrepre- 
sentative of the making. This is particularly true of such faults as 
watermark and dirt which seem totally unconnected. Therefore, as 
there are 133 sheets combining dirt and watermark faults out of a 
total of 501 dirty sheets, we might deduce that, the dirty sheets being 
a representative sample from the making, 27 per cent of the making 
has watermark faults including the good paper sent out. 

This argument is not entirely logical because the dirty sheets do 
not necessarily constitute a representative sample. However, it was 
felt that this was so important that an analysis was made of the 
sound reams from the same making. These were wrapped reams, 
selected at random from the despatch bay. 

They were sorted by Research personnel and although our 
standards are different from those in the mill we can say for certain 
that no sheet was rejected for a fault which was of less magnitude 
than some similar fault already seen by us in the broke we had 
analysed. In fact, we tend to sort out paper to only slightly higher 
standards than are apparently used in the mill. The results are shown 
in Table VII. 

This leads us to believe that our assumptions were true and, in 
fact, a considerable amount (about 30 per cent in this making) of 
paper liable to rejection by the methods at present in use, is going 
forward for despatch. 

One point to note was that these reams did not contain any of 
the blatant faults found in the sorted-out broke. However, we 
maintain that our sorting was just, and a reasonable way of presenta- 
tion would be as follows (see Figure 1). 

It can be argued from this that by omitting to sort, the mill 
would have only increased the amount of bad paper sent out from 
30 per cent of the making to 40 per cent of the making. They would 
have sent out out some very bad faults, however, such as large slime 
spots and bad creases, tears, etc. There can be no doubt that some 
new form of sorting could be adopted which would cut down the 
labour, considerably reduce over-sorting, and yet would cut out the 
very bad sheets. One point to note is that the above reasoning does 
not apply to watermark faults, as all those found by us in the good 
reams were well outside the recognised tolerances, and we can say 
that about 10 per cent of the paper leaving the mill was well out of 
register. 
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paper passed 
gee by 


inspectors 


paper rejected 
by 
inspectors 








no very bad 
Sault Sault 


Ficure 1. Diagrammatic representation of the results of existing methods of 
inspection. 


Sampling Efficiency of the Broke Analysis 

There are no fundamental grounds on which the efficiency of 
the sampling can be judged. All we can do is to assume that the 
majority of faults are randomly distributed over a making and see 
if that assumption is valid. If it is, then our sampling was good. If 
not, some other sampling scheme must be devised. A few of the 
figures obtained are given in Table VII. 

For broke from the trials in Table VII, the results can also be 
analysed by girls, see Tables VIII and IX. It will be seen that for 
Trial B2 there was more variation among the girls than among the 
times, whereas for B4 the reverse was true. When larger time inter- 
vals are taken, however, the variation becomes considerably less. It 
would appear that the sampling for a broke analysis system should 
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be spread over the whole of the making and should be widely 
comprehensive. 

It is difficult to say why the results are so variable, because there 
are two factors which remain to be sorted out. It might be that the 
broke is coming to the sorters in a very variable manner, or it might 
be that they themselves vary from girl to girl and from time to time. 


TABLE VIII 

(a) TRIAL B2 
Dirt Damp Broken WM Total 
47 64 3 216 


2 22 161 
11 171 
162 
184 
123 
191 
161 
186 
138 


Mean . 34-3 , 169 
Range : 93 
Estimated 

precision/mean = + 13 -1] : +19 
Estimated S.D. 3 2 18 30 


(b) TRIAL B4 
Dirt Damp Broken WM Total 


164 64 160 85 473 
284 61 99 69 513 
312 50 82 45 489 
313 59 102 42 516 
287 63 169 43 562 
240 121 98 53 a 


Mean 266:7 70:2 118-3 524 
Range 149 71 87 
Estimated 

precision/mean +47 +22 +27 +15 27 
Estimated S.D. 58 27 34 17 35 


An attempt was made, in B4, to sample from a stack of broke. 
Unfortunately this was analysed somewhat differently and the results 
are not directly comparable with those obtained by sampling from 
the sorters. Some interesting conclusions can, however, be drawn 
by a slight rearrangement of results. In both cases all faults were 
counted, whether there were several on the same sheet or not, and 
the number of faults—not the number of dirty sheets —is therefore 
the operative factor. (Table X.) 
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The results are in remarkable agreement except for the 
differences betweer dirt and watermark faults. This is explicable as 
shown previously because the paper taken from the sorters was 
analysed with the intention of finding the dirty sheets first, whereas 
that from the stack was analysed to find all the faults on each sheet. 

The precision at the 95 per cent level of the results on the broke 
sample from the sorters is given in brackets. 

We can therefore reach two possible suggestions for broke 
analysis. Neither of these is certain and they are therefore put 
forward only as tentative ideas. 


TABLE IX 
(a) SECOND SAMPLING TRIAL B2 


Broken 
Time of Sample Damp Dirt Sheets WM Total 


9.10- 9.50 36 72 183 
9.50-10.50 2 47 238 
10.50—11.30 2: 224 
11.30-12.0 = 227 


12.10-12.50 221 
198 


179 
238 


41-6 § 37°6 oe 213 
40 59 


14 


Estimated precision/mean +10 
21 


Estimated standard dev. 15 
TABLE X 
Sampling from Sorters Sampling from Stack 
No. of Per- Pre- No. of Per- 
Sheets centage cision Sheets centage 
557 
19] 


59 
251 


Broken sheets | 346 
Rest _ . a 35 

a: 1,439 
No. of sheets 800 


Dirt (+ 

Damp (= 

Reelmark . (+: 

WM ‘ (+ 
( 


(1) Retain the whole of the broke and sample from the pile 
according to a random pattern. Take about 3'5 of the broke. 
(2) Sample from each girl at random intervals, making these 
short enough to ensure that about 3'5 of the broke is removed. 
After this the broke should be analysed sheet by sheet and each 
sheet inspected for the faults it contains. Even so, the precision of 
the results obtained would only be about + 15 per cent. This, it is 
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felt, is better than that of the present method used, but even so, is 
an indication that more work is needed to find a more precise method. 


General Discussion 


Broke Analysis. The present system of analysis of broke at the 
mill does not give a true picture of the faults but tends to exaggerate 
the proportion due to watermark faults. The problem of devising a 
good broke analysis scheme is extremely difficult, and the scheme 
suggested, whereby paper would be removed from the sorters’ 
reject piles and analysed sheet by sheet, would probably give results 
with confidence of only + 15 per cent. Even this, however, is 
considered very much better than the present system. 

Sorting. There is a considerable variation in the varieties of 
broke sorted out, both between girls and from time to time. This 
might be due to different standards between the girls but is probably 
due to the different nature of the broke coming forward. 

An interesting point to note is that about 50 per cent of the 
broke sorted out is no worse than that accepted by the girls and 
sent out as good paper. Conversely, 30 per cent of the good paper 
packed and dispatched by the mill has as bad faults as some sheets 
rejected for broke. This is only what can be expected as there are 
no rigid sorting standards. It does suggest, however, that an investiga- 
tion into sorting standards could lead to an increased output from 
the mill of about 3 per cent of paper. This extra 3 per cent would 
probably be obtained with equal, or less, labour and no capital 
expenditure at all. 


Conclusions 

This investigation has provided us with some valuable :nforma- 
tion about the causes of broke and the frequency of broke at one 
particular mill. The results from the present broke analysis disagree 
with those found by sampling, the disagreement being entirely due 
to the method of analysis employed. A new sampling scheme for 
broke is suggested, but even this will not give a precise answer 
within, say + 15 per cent. 

There are considerable variations in the types of broke sorted 
out (a) between girls, and (b) at different times by the same girl. 
Because of the lack of sorting standards there is a lot of paper in the 
broke no worse than that sent out of the mill. There is also a large 
overlap of faults. These together lead to the conclusion that the 
setting of standards could lead to an increased amount of paper 
going out, without any reduction in the overall quality. 
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A STOCK MODEL 


THE following corrections should be made on page 141 of our last 
issue (Operat. Res. Quart., 7 (4)): 
Line 5, after equation (2), should read: ‘“‘solving equation (1)...” 
Line 12, after equation (5), should read: “‘. . . given in equations 
(3) and (5).” 


A FILM ON COMPUTERS 


AN animation film, Electronic Computers Improve Management 
Control, has been produced by the University of California at Los 
Angeles, Extension Division, to help management to understand the 
possibilities of electronic data processing techniques. 

The film shows a typical furniture manufacturing concern, and 
illustrates how production delays were traced back to paperwork. 
It even demonstrates how machines could be used to design an 
efficient control system. 

The film runs for 15 minutes, is in colour, and has a musical 
accompaniment which is an actual recording of the electronic tones 
produced by a paper tape punch. 


GENERAL POST 


THE following are notes of some moves made during 1956 by 
members of the Operational Research Society. 


R. R. P. JACKSON (B.0.A.C.) to Central Work Study Department, 
I.C.1. (February). 

J. BANBURY (National Coal Board) to B.I.S.R.A. (February). 

A. GLASKIN to O. and M. Branch, British European Airways 
(February). 

D. W. WILLIAMs (National Coal Board) to Atomic Energy Authority 
(February). 

G. HorsneELt (Ordnance Board) to Ministry of Supply (March). 

J. MURDOCH to Combined Technical Services Ltd. (June). 

R. LeAcH (National Coal Board) to Siemens-Schukert (Great 
Britain) Ltd. (June). 

A. M. Lee (Dunlop Research Association) to British European 
Airways (July). 

D. G. OwEN (B.I.S.R.A.) to United Steel Companies Ltd. (October). 





COMPUTER ON THE RAILWAYS 


DISTANCE is a major factor in transport cost and is usually coupled 
with weight in fixing charges for the carriage of freight. Up to 1948, 
the system of distancing in force reflected railway company relation- 
ship and routeing. Such a system was obviously out of date when 
“company” considerations no longer applied. 

Since 1948 the job has been tackled of straightening things out. 
It was an immense one. Traffic could, in theory, arise between any 
pair of some 7,000 stations and depots, which means that fifty 
million distances would be required. In consequence, there has been 
a continuous process of providing new distances as and when 
required. 

Now “‘Leo” has taken over. The job which it is estimated would 
have taken at least 50 clerks five years to do, he will do within a year. 
“Leo” is an electronic computer owned by Leo Computors Ltd., a 
subsidiary of J. Lyons & Co., and it is with their co-operation that 
the task is being attacked. 

The basis of the re-distancing will be the shortest physical 
distance but, in return, for this, railway users are accepting some 
grouping of places, thus reducing considerably the number of 
distances to be calculated and put on record. 

When “‘Leo”’ has done his job, re-distancing will be completed 
effectively, once and for all, and, moreover, it will be finished in 
time for the operation of the new Railway Freight Charges Scheme. 


(Quoted from The British Railways Magazine, N.E. Region, 7, (10) October, 
6.) 
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MANAGEMENT IN ACTION* 
by 
Tom BuRNSt+ 


THIS paper is an interim report of some of the general and comparative 
results of a study made in eight firms of the way in which managers 
spend their time at work over a period’ of three, four, or five weeks. 
The managers in six of the firms were defined by the head of the 
concern as the ‘top management’ groups. In the other two, they made 
up the self-defined top management group of one department. The 
numbers involved in each group varied from a department group of 
four! to thirteen. The total number of managers concerned was 76. 
The six factories were medium-sized concerns employing from 500 
to 900 people. 

The study related exclusively to obtaining records from each 
participant of how he spent his time during the specified period. In 
order to obtain standardized and therefore reasonably comparable 
records, and in order also to render the task of recording as simple 
and as light as possible, a time-sheet was devised for the participants 
in each firm which would allow them to describe their activities by 
marking one of several prearranged categories of activity. One such 
sheet would be used for one episode. An episode was said to end and 
another begin when either the subject or the other persons concerned 
changed. The average number of forms used in a day was around 
twenty-five; some averaged below twenty, one over fifty a day. 

Collecting information about conduct and networks of relation- 
ships by asking individuals to keep diaries of a simplified and 
standardized form is not particularly novel. The provenance of the 
study described here seems traceable to the U.S. Department of 
Agriculture study of how farmers’ wives spent their time, which was 
carried out in several states in 1928.2 Two or three years later 
G. A. Lundberg* conducted a survey of leisure-time activities 
recorded by 2,500 people for a day or two each. The method was 
later used by Lasswell* to study the working of a small civil service 





* Paper given to the Operational Research Society, 2! February, 1957. 
+ Edinburgh University. 
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establishment in Washington. This lead was taken up by Sune 
Carlson® who applied the method to the heads of several large 
business undertakings in Sweden. 

The use of a simplified diary schedule of this kind means that 
the amount of information contained in each is extremely limited; it 
amounts to a description of one’s behaviour in a language of less 
than fifty verbs and nouns, and however carefully these are selected 
a very great deal of behaviour, even in the limited social area of a 
workplace, will be indescribable. Moreover, each of the terms will 
be stretched to the farthest possible limits of its meaning for the 
reader, and these may include references which elude any outsider. 
Comprehensiveness and precision, then, are sacrificed. The hope is 
that there will be compensatory gains in other directions: however 
exiguous the terminology, one does have a continuous account of 
activity over a much longer period than any observer, let alone his 
subject, could probably sustain, even were it possible to arrange for 
such observation to take place; and one may also obtain records of 
the behaviour of a number of people simultaneously over a lengthy 
period. 

The main objects of the whole study were to obtain information 
first about the division of work among management groups, and 
about how each of these individual divisions was related to the 
others; second about how individual managers distributed their time 
between the functions of management; and third about the paths of 
communication used by managers. 

In each case results would be expressed only in terms of time 
spent. The standard recording form contained six divisions showing: 

Time (taken for the episode). 

Persons (communicated with or present). 

Mode (of activity—e.g., conversation, reading or writing or 
dictating letters, etc. There were usually about eight of 
these.) 

Place (i.e., in which part of the workplace the episode took place 
—own Office, office block, assembly department, etc.). 
There were also boxes for ‘home’, ‘outside factory’, 
‘travelling’, etc. 

Subject. The functional category of the task or problem which 
formed the subject of the episode. 

Purpose. Giving or receiving information (or advice), both, or 
neither. Giving or receiving instructions (or decisions), 
both, or neither. 

Of these divisions, the only one needing comment here is 

perhaps ‘Subject’. The total task of management is ordinarily split 
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up among a number of individuals and groups which are designated 
by their main functions, and individual problems and tasks are 
commonly classified into a system of categories which follows the 
divisions of management: labour, sales, purchasing, production 
control, research and development, and the like. Since it was 
particularly important that the terms used for the information 
content of episodes should be readily grasped by recorders, these 
divisions were used as the basis of the subject classification. 

When the make-up of the form had been finally agreed with all 
recorders, it was printed, bound in pads of fifty, and distributed to 
them, together with a memorandum concerning the procedure, 
which had also been agreed beforehand, and a supply of stamped 
addressed envelopes in which they could put each day’s completed 
forms and despatch them directly to me. These were treated as 
confidential matter. The information contained in the report 
eventually submitted to all recorders alike was in the form of 
aggregate figures for the whole period. 

At the end of the recording run, each participant was supplied 
with a list of all the initials of persons entered on his forms and 
asked to identify them by department, position held, and status, 
relative to himself. He was asked to guess how his time during those 
weeks had been distributed among the subjects listed on the form; 
he was also asked to make a similar estimate for the whole manage- 
ment group. 

Concerning the results, there are three provisos to be made. 
First, and most important, the records are in no way objective; they 
are statements made by individuals about what they thought—or 
thought I ought to know—they were doing. Secondly, the records 
vary greatly in precision and accuracy. While it was suggested that 
brief, trivial episodes (for example, an unsuccessful telephone call) 
might safely be ignored, but that episodes lasting two or three 
minutes or upwards, or briefer episodes if important, should be 
recorded, the diligence with which individual recorders adhered to 
this general ruling varied a great deal. Moreover, thirdly, some 
recorders tended to run episodes together more than others, using 
one sheet to record two or more consecutive affairs involving two or 
more subjects and two or more respondents; the procedure followed 
with such time-sheets was to split them equally between persons and 
subjects: thus a time-sheet recording two subjects and three persons 
would be represented by six punched cards, each constituting a sixth 
of the total time as recorded. 

Some assessment of validity may be obtained by comparing 
records made by two or more observers of the episodes in which they 
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were involved together. It is in practice extremely difficult for an 
individual recorder to ‘compose’ the picture which the records 
present in terms of an image he would like the observer to have, or 
to respond otherwise according to preconceptions of his own or of 
the observer’s, except in so far as these preconceptions are embodied 
in the time-sheet. 

The method, then, yields information which is at bottom no 
more objective than that obtained in interview. It is vastly more 
detailed. 


Hours of Work 


All the results are expressed in terms of time, and usually as a 
percentage of time recorded by each individual. This was the 
aggregate of the times of all episodes recorded, less any time spent 
on personal and private matters outside the factory or in the dining- 
room or canteen. Thus, hours of work include time spent on work 
taken home, or travelling on business entertainment and on meal- 
time discussions of work matters. Also included is time spent on 
professional interests and outside business interests. 

The average hours per week worked by all 76 was 414. Of these, 
6 hours a week on average were spent outside the workplace. There 
were, of course, considerable fluctuations around these averages, 
but the average management working week for firms was between 
37 and 47 hours. Heads of concerns, or their immediate deputies in 
some cases, worked much longer hours than most, as did works 
managers or works supervisors. Executives with fairly well-defined 
functions—accountants, senior draughtsmen, production controllers 
—worked least hours. Extremes between individual recorders within 
the same firm are widest at 54 hours a week (including an average of 
33 hours a week outside the workplace) and 35 hours for the head 
of the drawing office. If only those working hours spent inside the 
workplace are reckoned, then the longest hours recorded are those 
of works managers and foremen. 


The General Management Function 


While every endeavour was made to ensure that the categories 
and terminology of the schedule were used in the same connection and 
with the same references by everybody within the same firm, no 
such consensus was possible between firms. However, if the subject 
categories are grouped, a reasonably comparable set is obtainable in 


Current Production Problems, Maintenance. 
Programming and Production Control. 
Research and Development. 
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Costs, Accounts, Wages. 

Recruitment and Personnel Matters. 

General Management Policy. 

External Interests, Business and Professional. 
Personal and Private. 

Sales, Customers, Despatch, Publicity. 


The last category varied, of course, with the autonomy of the 
concern being studied. In three of the six whole factories studied, the 
product was sold and distributed by a separate part of the organiza- 
tion. In the other cases, the group of functions was distributed fairly 
idiosyncratically between the factory and outside groups. Omitting 
this last category, then, the times of top management in all six 
concerns were spread roughly as follows between the seven groups 
of functions: 

Allocation of Allocation of 


Management Time Management Posts 


Current Production and Maintenance 22 


Programming and Production Control 20 
Research and Development 6 
Costs, Accounts, Wages 9 
Recruitment and Personnel 11 
General Management Policy 19 
External Interests fs 
Personal and Private 4 
(Not Recorded) (2) 


The titles given to executives were in every case thought to be 
meaningful designations of their functions which can easily be 
related to the categories listed. Omitting people who deputized as 
recorders during their senior’s absence, the total number of execu- 
tives recording their activities in the six firms was 60. Six were con- 
cerned with Sales, Despatch. etc. The proportion of managers 
allocated to each function (allying General Management Policy with 
External Interests as the function appropriate to Managing Directors. 
General Managers, or their deputies) is shown in the last column. 
The two distributions match peculiarly well. apart from the slight 
overweighting in numbers of production people and accountants. 
and the sizeable underweighting of personnel management. 

There is, of course. less equivalence between the distribution of 
time between functions and the number of functionaries in the 
individual firm. Two of the firms were electrical engineers and roughly 
the same size at the time of study. One concern was a production 
unit only, and the second maintained a number of sales officers and 
representatives throughout Britain. served by sales engineers in the 
factory. While the production programmes of the two companies 
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were geared to their markets in very different ways, one producing 
for projected sales, the other producing against orders, the latter in 
fact worked very much on standard parts and assemblies, and the 
former was much involved in producing new equipment to order. 
Table I shows the distribution of time and of executive positions 
between the main groups of functions, including sales. 


TABLE | 
Firm | Firm II 


Per cent Per cent Per cent Per cent 

Functions of all of of all of 
Management Executive Management Executive 
Time Positions Time Positions 


Current Production 19 30 
Production Control, 
Programming 

Sales and Customers 
Research and Development 
Costs and Accounts 
Recruitment, Personne! 
Management Policy 
External Interests* 
Personal 
Not Recorded 

* Including other establishments in the same company. 


to 


WNWwwe hook 


We need not, as we shall see, pay too much attention to the 
distribution of executive positions as an indication of the emphasis 
given to the different functions. Yet the contrast between the account- 
ing and personnel functions is even more strikingly presented. It 
suggests that much might depend on the extent to which these have 
become definable occupations, and on the extent to which they have 
become acceptable as appropriate to top management. What is of 
more interest is the extent to which the supervision and direction of 
current production is overshadowed by planning and progressing in 
both firms and the inroads which outside business interests can make 
on the time of general management. 

The question of what managers themselves guessed the distribu- 
tion of time between functions to be can now be taken up. By far the 
greater number of individual recorders, for instance, overestimated 
grossly the proportion of all management time spent on current 
production. This was true, for example, even of works managers 
and works supervisors; two of them in the two firms just mentioned 
thought that these bulked twice as large as they in fact had. There 
are also usually wildly different conceptions of the distribution of 
time by the whole group offered by different members of it. 
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Accuracy can hardly be expected from estimates by one person 
of how a whole group, even one in which he works, spends its time. 
The point of these estimates is that they represent in crude terms 
the picture each person had of the context of organized activity in 
which his own work was being done; it shows the kind of weight 
he thought was being given to each subject by the rest of the 
management group. In this connection some special interest attaches 
to the views of the general or departmental manager of five manu- 
facturing concerns. 

TABLE II 


ESTIMATES OF THE DISTRIBUTION OF MANAGEMENT GROUP’S TIME 
MADE BY HEADS OF CONCERNS 
1 2 3 $* 
Est. Actual Est. Actual Est. Actual Est. 3 Actual 


urrent Production 19 


Programming and Production 


* Departmental Group only. 
t i.e., other than department interests. 


Even among heads of concerns, there was a very widespread 
tendency to overestimate attention to production, to underestimate 


the claims of outside interests on time; but the discrepancies are 
much less than are encountered among their subordinates. One 
technical manager and his deputy thought that his colleagues must 
be spending 70 per cent of their time on current production problems 
as against an actual 12 per cent. A production manager thought of 
sales and attention to customers’ needs as claiming 5 per cent of the 
whole group’s time as against 23 per cent. 

If this kind of estimate is related to the estimate given by an 
individual of how he spent his time, a number of possibilities arise 
frcm the discrepancies between them and between the estimated and 
actual times. 

(a) A manager may think that he is carrying the major burden 
of one particular activity. While this is often true, in many cases the 
division of labour on this one function is much less one-sided than 
he thinks, and is sometimes the reverse of the actual state of affairs. 
When this attitude is widespread it may point to a fairly serious block 
in communication between people who should be co-ordinating their 
work, or it may indicate that a particular subject is more burdensome, 
or takes up more management time than is allowed for by the head 
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of the organization. This applied particularly in most firms to 
personnel matters and in some to production control. 

(b) A manager may think that although he does not spend 
much time on a function, it is nevertheless important and engages a 
good deal of other managers’ time. Where this attitude is widespread 
and without much foundation in fact it may be that an aspect of the 
firm’s activities or of managerial effort is not receiving the attention 
it should. This applied fairly generally to research and development, 
and to costs. Added to this is a tendency to exaggerate the impor- 
tance of specialized functions of which the individual has no technical 
understanding, or which are part of the mysteries of higher manage- 
ment. (Junior managers, for example, tended to overstress the atten- 
tion their seniors pay to matters of company policy and finance.) 

(c) Within a group of managers in a factory there may be wide 
differences of opinion about the relative significance of functions. 
This may not be important in many cases, but there may exist some 
confusion about policy and the general direction of management 
effort. 

(d) When there is a wide difference between all, or nearly all, 
estimates of group time on a subject and the actual figures, it may 
indicate either lack of co-ordination, which may be leading either to 
duplication of effort, or the neglect of a function or the absence of 
a functionary now necessary to the organization. 


The Individual Manager 

Early in this study, I thought it might be fairly assumed that, 
among these self-selected ‘top management’ groups, there would be 
substantial concurrence between the distribution of the whole 
group’s time and that of the general manager; below him, specialisms 
would become increasingly evident, but, at the top, the general 
manager’s concern would reflect, and be reflected by, the activities 
of the whole top management. There would, in this way, be some 
indication of how the senior manager stood at the centre of the 
affairs of the management. But this effect was clearly visible only in 
one or perhaps two cases. In two further cases, the deputy general 
manager emerged as the central figure; in another, the works 
manager. In these latter instances it is fair to say that the implications 
of this central position seemed to be borne out by other indications. 
Outside business and other interests might be attenuating the extent 
of informed control exercisable by the titular head of the firm; there 
might be a half-deliberate deployment of the senior man’s activities 
in the direction of sales; the head of a branch factory might be 
compelled to spend too much time connecting between his own and 
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other establishments of the firm. But whatever the reason, the dis- 
placement of the head of a concern from the ‘traffic-centre’ of the 
managerial group in most of these cases suggests a possible revision 
of customary ideas about the institutional role of ‘managing director’ 
or ‘general manager’—already, from other points of view, something 
of an oddity in the structure of contemporary society. 

In one instance, which I think is a significant one, the head of 
the concern appeared to be a group of three, acting in a comple- 
mentary rather than parallel fashion—i.e., as a work team rather 
than as a committee; thus there was a marked tendency for emphasis 
on one subject—Production Methods or New Designs or Research, 
or Special Jobs or Publicity—to come from one of them, but for 
these differences to be evened up within groups of subjects—Current 
Production, Management Policy. Even so, the group as a whole did 
not distribute its time over all subjects (19 in this case) in a way 
resembling that of the top management group (13 members), so that 
the same relation of complementary action exists between senior and 
junior management. This bespeaks the existence of a specially effec- 
tive communication structure. 

Nevertheless, the tendency is for senior managers to be far less 
specialized in function than junior. Some of this effect may be seen 
fairly simply, by comparing the highest proportion of general 
manager’s time spent on one subject with the three highest propor- 
tions of other executives in the same manufacturing firm. 


TABLE III 


DEGREE OF SPECIALIZATION 


The Highest Proportion of General Managers’ Time (Row |) Compared 
with Three Highest Proportions of Other Executives in Same Firm 


21 (Man. Pol.) 20(Man. Pol.) 19 (Prodn.) 23(Man. Pol.) 20(Outside 19(Man. Pol.) 12(Man. Pol.) 
Interests) 
9 (Sales) 
58 (Prodn.) 65 (Sales, etc.) 86(Sales,etc.) 80(Sales,etc.) 88(Prodn.) 55(Prodn.) 68 (Sales, etc.) 
30 (Prodn.) 69 (Personnel) 41 (Prodn.) 43 (Man. Pol.) 50 (Sales) 44(Personnel) 68 (Prod. 
Contr.) 


31(R. & D.) 48 (Prodn.) 30 (Prodn.) 40 (Sales, etc.) 48 (Sales) 55(R. & D.) 54 — ; 
ontr. 

No general manager spent a quarter of his time on any one of 
the twelve to twenty subjects into which the total task was split. 

On the other hand, the degree of specialization evident among 
the junior executives is unexpectedly low. Some functional executives 
concerned with sales and distribution and at the head of maintenance 
departments (included in Production) spent the greater proportion 
of their time on matters within these particular fields. But it will be 
noticed that only just over a third of the individual managers listed 
above spent over half their time on one subject; and the 37 not listed 
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spent considerably less than this on their principal function. Even 
when allowance is made for the arbitrary distinctions introduced by 
the terminology used in the time schedules, there still remains 
evidence of a strong tendency for managers at these levels to move 
from functional specialisms into general management functions, 
evidence which is reinforced by the spread of almost everybody’s 
time over at least half and usually all or nearly all the subjects 
listed in the schedule. 

Comparison of individual recorders’ estimates of their own 
time with the actual figures reinforces the conclusion that there is a 
general tendency to overestimate the proportion of time spent on 
the clearly defined or ‘important’ subjects of production, costs, 
accounts, etc., and to underestimate time taken up by personnel 
matters, general management policy discussions, and the like. This 
may indicate either the deflection of managers from the central tasks 
of management by the emergencies of problems concerning people 
and by time-consuming discussions of future uncertainties, or it may 
reveal genuine misconceptions of the direction of management effort. 


Mode of Activity 


A study of management organization such as this assumes that 
management consists of (a) breaking down and distributing parts of 
the total task of management between a number of assistants when a 
business is too large for one man to control, (5) recruiting technically 
competent persons to discharge these several part-tasks, and (c) 
ensuring that each one of them receives all the information he needs 
and imparts all the information he should. (Any management task, 
then, consists of getting all the information necessary, interpreting 
it, and sending it on to appropriate destinations in the form in which 
it can best be dealt with there.) With the first of these aspects—the 
division of management labour—we have already dealt. The second, 
the technical component, is not our concern. The third, which is in 
many ways the most important, since it relates to the continuing 
work of the manager, is the subject of the remainder of this paper. 

The mechanics of organization—of the communication structure 
—are simple. Information of all kinds is transmitted by direct meet- 
ing between people, by telephone, by letter, report, memorandum 
and schedule; by the media of mass communication, especially, in 
this case, books and journals and advertisements, and also by 
observation and by drawings. In general, we may distinguish spoken 
communication, written communication, and interpretative activities 
—observation, inspection, drawing, calculation, etc.—bearing in mind 
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that the distinction between communication and interpretation can 
involve a high degree of abstraction. For the seven manufacturing 
concerns in the study, the proportion of all management time spent 
in these three ways are: 

1 2 5, 4 6 7 


Spoken Communication 80 71 56 68 44 42 
Written Communication 12 20 20 22 35 29 
Interpretation 8 9 24 10 21 29 


Some concerns were much more devoted to written com- 
munication than others; individual time ranged from 73 per cent 
of all time spent in this way to | per cent. It may be observed that 
there are three reasons for writing as against talking, and the last 
often carries more weight than it is usually thought to do. The 
reasons are: 

to convey information to another over an inconvenient distance 

in space; 

to convey information to oneself or another over an incon- 

venient distance in time; 

to prove to another that one has despatched information. 

A main external source of technical or commercial information 
is in literature, and some interest attaches to the amount of time 
spent on reading technical literature, a term including trade journals 
and technical reports of general interest circulated within a firm. 
For whole management groups, the proportion of time so spent was 
of the order of 2 to 4 per cent. One executive—an accountant—spent 
as much as 16 per cent of his time in this way. Of three heads of 
research departments, one spent 6 per cent, another 10 per cent, 
and the third 13 per cent (equivalent to three, four, and five hours 
a week). 

The seven concerns represented above have been arranged in a 
kind of order. The first is heavily committed to technical develop- 
ment based on recent basic research in systems of electronic trans- 
mission and servo-mechanism. The last is a branch factory wholly 
devoted to the manufacture of a limited range of assemblies for the 
main product manufactured in another factory; changes in demand 
and in product and method do occur from time to time, but are 
mediated by other establishments of the company. The other five 
firms are arranged roughly in order, from left to right, of their 
susceptibility to external change or their commitment to programmes 
of expansion or development. Generally speaking, the faster the 
rate of change, the more time is spent by managers in talking with 
each other. 

= 





This result has a direct bearing on other research, carried out at 
the same time as this study, into the implications of technological 
change. What can be said here is that the forms of communication 
appropriate to relatively stable undertakings can follow the precise 
and prescribed patterns and paths appropriate to the passage of 
routine schedules, memoranda, and other paper, but that as neces- 
sary information becomes less easily identified, less predictable in 
source and technical nature, individuals are forced to interact with 
more people even randomly, and to communicate immediately in 
conversation, so that information can be exchanged, so that its 
correct reception can be verified by the cues proffered in ordinary 
social intercourse, so that the job of interpretation and further 
transmission can be done dialectically. A further point, of course, is 
that the organizational structure is modified from the command 
hierarchy, in which omniscience is ascribed to the head of the 
organization (from whom derive the definition of general and 
individual tasks, prescribed functions, kinds of information to be 
transmitted, and paths of communication) and becomes a much 
more organic form of co-operative activity, with each executive role 
interacting almost autonomously with its organizational environ- 
ment, and determining task, method, appropriate information and 
paths of communication by direct exploration, contact and 
conflict. 

It will have been noticed that the figures shown above do not 
regress in regular order; the third firm has a rather lower percentage 
for conversation than its position might warrant. On the occasion of 
reporting back to the firm I raised some question at this point in the 
review of results about the amount of direct conversational contact 
obtaining between departmental managers. It happened, as it 
normally does, that it was impossible to see all recorders at once, 
and the first recital was delivered to the managing director and one 
or two others. In response to this question, the managing director 
said that this was quite in accordance with his policy; he aimed at 
getting everybody clear about the job they had to do, and the 
methods appropriate to it; they could then get on with their work 
and not spend a lot of time in each other’s offices talking about what 
they had to do instead of doing it. Thereafter I met six or seven 
departmental heads, and, at the same point in the report, put the 
same question. Yes, I was told, we did see far too little of each other 
at that time; we were trying to get a new design into production, too, 
and from that time on the production programme started falling 
further and further behind each month; it was altogether a difficult 
period. Still, the whole picture is different now. We are seeing far 
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more of each other—yes, this is a matter of deliberate policy on 
our part; apart from anything else, we make it a rule to gather 
in this room at eleven every morning to exchange news and 
information. 


Authority and Function 

This episode may serve as a narrative version of a broad thesis 
concerning management structure to which many of the secondary 
results of this study point. For the structure of communication 
systems—of ‘organization’ in the sense in which it is being used here 
—seems in any one concern to be the outcome of the relative 
strength of two principles: authority of command, which is stronger 
as the situation of the concern approaches stability, and autonomy 
of function, which grows with the rate of change. 

In every one of the eight studies, recorders have been asked to 
identify according to status, department, and position the people 
whom they have reported meeting or corresponding with. This has 
enabled us to compose tables and diagrams showing the flow of 
communication to and from the recorders in three ways. It quickly 
became obvious that a great deal of communication within the 
firms operated in lateral directions: having regard to the different 
numbers of people involved, managers tended to deal very much 
with people at their own level (the one and necessary exception 
being, of course, the general manager, chairman, or managing 
director). This tendency was apparently stronger in the firms most 
involved in changes, and was also stronger in the lower ranks of 
management. 

To some extent, this is related to the formation of the inner and 
the outer management circuits (noted later) within which a con- 
siderable amount of the traffic of managerial information is enclosed. 
The relationship between these two management circuits is thus a 
matter of some critical interest which may be studied at close hand 
in the records of the same episodes made by senior managers and 
their subordinates. 

In the first study made, comparison of the records made by a 
manager and his three subordinates of all episodes in which he was 
concerned with one of them, and nobody else, revealed that in 40 per 
cent of episodes each recorded quite different subjects. A good deal 
of latitude was allowed; discrepancies were only counted when there 
was little room for doubt that more was involved than differences 
of opinion over the terminology used. 

Does this mean! “‘that pairs of competent executives in frequent 
contact with each other on most days over a period of years are 
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completely at cross-purposes about the subject of discussion three 
or four times out of ten? What is suggested rather is that on many 
occasions, about one-third of all, the concerns of two individuals in 
the same matter were very different—one looking at a particular 
difficulty as concerned with, say, costs, and another perceiving the 
same thing as arising from the personnel involved. It is this pre- 
dominant concern of the individual executive at a particular time 
when discussing a problem with another that may not be communi- 
cated, and which niay result in apparently conflicting reports about 
the subject-matter. If Hunt (the senior manager) discussed with 
Wilson (one of his subordinates) the number of extra hands needed 
when the new programme started, Hunt’s concern would be with the 
production level. He would tend to tick New Development and 
Research and Other Production Matters, whereas Wilson might put 
ticks against New Development and Research and Personnel, since 
he would be more concerned with the engagements to be made. All 
these subjects would normally have figured in their conversation and 
both should have recorded all three. So straightforward a case would 
almost certainly have been counted as concurrence. In more complex 
cases, however, the intention of the other’s concern was either not 
expressed or not comprehended. 

“In single instances, the consequences of this lack of concurrence 
on the work of the department would be negligible. Over a period of 
time, however, they might well account for a sizeable bias in the 
control of the manager over productive activity. If—as was the case 
—New Development and Research was discussed frequently while a 
new production programme was being planned, Wilson’s concern 
with Personnel as the matter with which he anticipated most trouble 
might obscure to an ever greater extent the importance which Hunt, 
on his side, thought he was attaching to the installation of machines, 
or to layout or materials. This could lead only too easily to machines 
not being ready, or to some other hold-up of the sort so often 
encountered at the outset of new programmes. When lack of concur- 
rence as regards subject is a persistent aspect of on-going com- 
munication, it may eventually produce a serious deflection of 
managerial control from its appropriate objectives. 

“The same record forms were also examined for conflicting 
accounts of the exchange of information and advice as against 
decisions and instructions. Whenever the department manager noted 
that he had given an instruction or a decision, while the other had 
recorded merely advice or information, the lack of concurrence was 
noted by +. The reverse situation, of information or advice being 
received as instructions or decisions was noted as —. Major discre- 
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pancies in such exchanges occurred in about two cases out of every 
five. The discrepancies had mostly the same bias: when the manager 
records receiving information or advice; or, he records information 
only when the manager notes giving information, advice, and 
decisions or instructions. Only rarely did subordinates record 
receiving decisions or instructions when the manager noted giving 
information or advice. Hunt noted giving instructions or decisions 
in 165 of the 237 episodes; the others recorded receiving instructions 
or decisions on only 84 of these occasions. Half the time, what the 
manager thought he was giving as instructions or decisions was being 
treated as information or advice.”’* 

There was very strong evidence from this first study to suggest 
that subordinate managers derived a great deal of the information 
they needed for guiding their own actions from colleagues at or near 
their own level, and depended far less on decisions, instructions and 
information passed down from their immediate superior than he 
imagined; there was evidence too that this was reinforced by, and 
reinforced, a strong urge to reject subordination itself; to treat what 
their superior saw as instructions and decisions merely as informa- 
tion of the same partial and contributory kind as they received from 
other sources; lastly, it appeared that there might be differences 
between the senior and junior managerial views of what constituted 
current significant issues. 

On the other hand, relationships between the people co-operat- 
ing in this study were clearly amicable, egalitarian in manner, and 
involved very frequent contact. As the studies proceeded, it appeared, 
moreover, that these effects of ‘status protection’, discrepant views 
about subjects, and lateral communication, were distinctly less visible 
in the more stable firms, where in fact there was a greater display of 
authority, much more observance of status distinctions, much less 
frequent interaction between managers. In such firms, communica- 
tion tended to follow vertical lines much more closely. And in one 
case the discrepancies concerning the giving and receiving of instruc- 
tion were reversed in value: there was actually a tendency for 
subordinates to treat as instructions what their superior gave as 
information. 


Patterns of Communication 

Results concerning the structure of working relationships in 
departmental (i.e., functional) and in personal terms within the 
concern are inevitably more intricate than the others we have dealt 





* Op. cit., pp. 93-S. 
59 





with, and within the limits of this paper, it is only possible to 
enumerate a few general conclusions. 

Perhaps the most striking of the results in this section is the 
uniform segregation of a senior management group of three, usually, 
or four persons. Of the total time spent in conversation with people 
within the concern (i.e., the factory), the general manager might 
spend half with the other two members of this group. Taking the top 
management group as a whole (7-13 people out of factories with 
500-900 persons employed), the proportion of time spent with all 
others that recorders spent with each other is around 33 per cent— 
still high, but much lower than the interaction between the three or 
four people at the top. 

It also seems to be generally true that junior managers spend 
more time issuing instructions and decisions than do their seniors, 
for whom giving and receiving information bulks larger. 

Complementary to this effect is the relatively small amount of 
time in many concerns which managers spent with immediate 
subordinates—members of their own department. While this may 
not be particularly unexpected in the case of heads of functional 
departments—accountants, personnel managers, heads of labora- 
tories, and the like—it appears to apply just as much to heads of 
many production departments. 

These and other results mentioned earlier suggest that the 
accepted view of management as a working hierarchy on organiza- 
tion chart lines may be dangerously misleading. Management simply 
does not operate as a flow of information up through a succession of 
filters, and a flow of decisions and instructions down through a 
succession of amplifiers. 


For the major part of the study, the author was assisted by H. D. BAECKER 
and Miss P. M. GuTHRIE, who dealt with the punch card analysis of the records. 

The project was made possible by the provision of grants by D.S.I.R. from 
funds made available under Conditional Aid. 
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THE INSTITUTE OF 
MANAGEMENT SCIENCES 


A Synopsis of the 1956 Presidential Address* 
by 
GIFFORD H. SYMONDS 


THE Institute of Management Sciences is a 1,200-member, three-year- 
old society dedicated to “identify, extend and unify scientific 
knowledge that contributes to the understanding and practice of 
management”’. 

The area of interest of The Institute of Management Sciences is 
management. Management is specifically the manner of treating, 
directing, carrying on or using for a purpose; it is the conduct, 
administration, guidance or control, the judicious use of means to 
accomplish an end. It is inherent in the meaning of ““management”’ 
that the enterprise have a purpose. The enterprise is carried out by a 
social group combined to pursue a given purpose; management is, 
then, the manner of directing that group to the accomplishment of its 
purpose. 

It is necessary, in order to define TIMS’ sphere of activity, to 
be concerned with the limitations imposed upon the area of manage- 
ment by use of the word ‘science’ in the title. Science is that part 
of the accumulated and accepted knowledge which has been 
systematized and formulated with reference to the discovery of 
general truths or the operation of general laws. Science is knowledge 
classified and made available in work, life or the search for truth. 
Management science, therefore, is primarily a science. It is different 
from scientific management. Management science is generally the 
work of scientists and scientifically oriented people in the field of 
management. Scientific management, on the other hand, is the 
practice of management conducted in an orderly fashion. 

Management science is a multidisciplinary product requiring 
mathematics, economics, psychology, sociology, engineering, and 
other disciplines. However, we believe that management science can 
also be defined as a separate science within the broad science of 
sociology. It is related to economics and to political science but 
different from them. It is the science of the conduct of group enter- 
prise directed in purpose. Like all sciences, management science will 
employ the scientific method, involving mathematics, model building, 
and investigative research in seeking understanding of the subject. 





* Given at Cleveland, December 1956. 
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Although operations research and management science are 
closely related, they are quite different but complementary in their 
purposes. Operations research represents the problem-solving objec- 
tive; management science the development of general scientific 
knowledge. Much of our present understanding of management 
science came through operations research, as well as industrial 
engineering and econometrics. 

Management science includes the physical sciences as they are 
concerned with business planning, scheduling operations, inventory 
control, and measuring work effectiveness and the social sciences as 
they are concerned with organization, communication, and motiva- 
tion of the people affected by the enterprise. 

Management science, in its present state of development, has 
little in the way of general laws and general truths. But from the 
great body of general management knowledge and experience and 
from specific operations research applications, will come the 
fundamental relationships of predictive theory which will distinguish 
management science as a true science. The purpose of TIMS is to 
develop a unified management science. 

TIMS is therefote more than a society to provide communication 
between its members of similar interest; it is actually an institute 
whose structure contains the fundamental and stimulating work of 
building a new frontier of science. 


Management science is international in character and contribu- 
tions from many lands, in many languages, will be included in our 
sphere. Our science to-day is the historical, naive forerunner of 
to-morrow’s discoveries. The answers to questions on administration, 
decision-making, utility, profit, optimum operation, and others will 
undoubtedly be on the agenda of future TIMS meetings and included 
in the pages of future issues of Management Science. 


OPERATIONAL RESEARCH IN BELGIUM 


A Centre de Recherche Opérationnelle has been established in 
Belgium, at Brussels. Under the directorship of Monsieur J. WANTY. 
and with a staff including engineers, mathematicians, economists 
and nuclear scientists, it has the aim of developing O.R. in Belgium 
and providing an O.R. service for public and private organizations. 





THE EFFECTIVENESS OF PRESENT-DAY 
CRASH HELMETS FOR MOTORCYCLISTS 


by 
K. N. CHANDLER* and J. K. L. THOMPSONT 


IN 1952 the Road Research Laboratory found that, distance for 
distance travelled, the risk of being killed in an accident was 46 times 
greater for motorcycle riders than for drivers of other mechanically 
propelled vehicles.! This showed the importance of work done by 
Sir Hugh Cairns during the second world war,? in which he found 
that the majority of motorcyclists killed in road accidents had 
severe head injuries, many having injuries to the head only. He also 
reported on some motorcyclists in hospital who had been wearing 
helmets at the time of their accident; in all whom he saw the brain 
injury was remarkably slight and the patients made a more uneventful 
recovery to full health than was usual for motorcyclists who had not 
been wearing a helmet. 

With this background information the Laboratory and others 
endeavoured to encourage motorcyclists to wear crash helmets. At 
the same time, the Laboratory started an investigation into the 
physical principles involved in designing a helmet, so that advice 
could be given to manufacturers that would enable them to produce 
more efficient helmets. In addition, an investigation was made into 
the effectiveness of the helmets in use. The results of this investiga- 
tion are given in this paper. 

To present a statistical demonstration of the usefulness of 
helmets the Laboratory has sought evidence which would compare 
the risk of injury to a motorcyclist wearing a helmet with the risk to 
a motorcyclist not wearing a helmet. Such evidence is difficult to get, 
for several reasons: 

(1) Two distinct groups of riders, say military despatch riders 
who wear helmets and civilian motorcyclists who do not, cannot be 
compared, because of the different riding conditions, maintenance 
of cycles, availability of medical aid, age distribution, etc. 





* Road Research Laboratory, Department of Scientific and Industrial 
Research. 

+ Mr. Thompson was at the Road Research Laboratory when he carried 
out this work; he is now at the Atomic Warfare Research Establishment. 
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(2) One cannot insist that one section of a group of motor- 
cyclists must not wear helmets so as to form a control group by 
which to judge the effect of helmets. 

(3) One cannot use data from a small group of riders (e.g. the 
Metropolitan Police riders) which changes to wearing helmets at a 
given date, because traffic conditions are not stable, so that the risk 
of injury may be rising all the time. In any case, accidents are 
fortunately so few that it is practically impossible to get a statistically 
significant change with a team of only 100 or 1,000 riders. 

(4) The national accident statistics have not provided a valid 
test of the efficacy of helmets because it is not known reliably how 
many miles are ridden by motorcyclists without helmets, and how 
many by motorcyclists with helmets. 


Present Data 


This paper avoids these difficulties by counting the injuries 
sustained by 7,010 motorcyclists involved in accidents and classifying 
them according to whether they were to the head, to the body, or 
to both head and body. These accidents occurred in 1954 and 1955 
in certain divisions of the London Metropolitan Police Area. 


By “head injury” will be meant injury to those parts of the 


head which are protected by an ordinary crash helmet. These include 
the brain, cranium and scalp. All other injuries will be called “‘body 
injury”’ and these include injuries to the face, cheeks, neck and limbs 
as well as those to the torso. It is basic to this analysis that wearing 
a helmet does not increase the risk of an accident in which the body 
is injured. This assumption ignores the possibility that helmets cause 
accidents by interfering with hearing, vision or equanimity or by 
encouraging a reckless attitude. There is no evidence in favour of 
this possibility. 

It should be remembered that both built-up (B.U.) and non- 
built-up (N.B.U.) areas covered in this paper (corresponding to a 
30 miles an hour speed limit, or its absence, respectively) are within 
the Metropolitan Police Area and may not, therefore, be typical of 
similarly named areas in the rest of the country. 

Statistical significance will be indicated by ‘“‘significant’’, 
“highly significant” and ‘“‘very highly significant’? when the 
probability, on the null hypothesis, of a greater reduction in the 
numbers of injuries (or casualties) is less than 0-05, 0-01 and 0-001, 
respectively. 

The basic data are set out in Table I. 
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TABLE | 


MOTORCYCLE CASUALTIES IN CERTAIN DIVISIONS OF THE METROPOLITAN POLICE 
AREA 1954 AND 1955. CASUALTIES WITH VARIOUS TYPES AND GRADES OF INJURY 
(THE DIVISIONS USED FOR 1954 ARE NOT IDENTICAL WITH THOSE USED FOR 1955) 


Head 


Injury 
only 


B.U. area 1954-5 
Fatal 4 
Serious 46 
Slight 44 


Total 94 


With Helmet 
Body 
only 


Head 


Both Total only 


Without Helmet 
Body 
only 


Both _‘ Total 


Fy 13 
394 = 259 
2,852 327 


599 


3,233 


N.B.U. area 1954-5 
Fatal 
Serious 
Slight 


Total 


B.U. area 1954 
Total 
B.U. area 1955 
Total 
N.B.U. area 1954 
Total 
N.B.U. area 1955 
Total 
Total 534 


Numbers Injured 


The numbers of all casualties in the built-up and non-built-up 
areas with body and/or with head injury are as follows: 
With Without 
Helmet Helmet 


1,820 4,524 


Body injured 
351 1,295 


Head injured 


If helmets had no effect on head injury, 521 casualties wearing 
helmets would have been expected to have had head injury. Actually 
there were 351. This decrease is statistically highly significant. It 
appears, therefore, that helmets reduce the risk of head injury by 
about 33 per cent* (standard error = 4:5 per cent). 





: 351 4,524 

‘ , : ia » 
This reduction is nearly equal to | 1.820 ~ 71,295" 
It is, in fact, |1— ee 
: - 1,821 < 1,296 
the effect of a helmet. This comment applies to most of the ratios in this paper. 


6 


but not exactly. 


which is an asymptotically unbiased estimate of 





By constructing four such 2 x 2 contingency tables it is possible 
to show that the figures in the same row or column in the body of 
Table II are all highly significantly different. (This does not apply to 
the last column.) 

TABLE Il 
RATIO OF NUMBERS OF HEADS INJURED TO BODIES INJURED 
IN THE VARIOUS CATEGORIES 


With Helmet Without Ratio 
Helmet of Columns 


B.U. area 0-170 (0-012) 0-269 (0-009) 0-632 (0-050) 
N.B.U. area 0-264 (0-028) 0-380 (0-027) 0-691 (0-088) 
(The numbers in parentheses are estimates of the standard errors of the 
ratios.) 


From this it appears that helmets that are used at present are 
reducing the risk of head injury in both built-up and non-built-up 
areas and they are doing it to about the same proportional effective- 
ness (30 to 40 per cent reduction) in both types of area. It is further 
seen that the risk of head injury, compared with body injury, is 
about 50 per cent greater in non-built-up than in built-up areas. 
This is thought to be due to the higher average speed in non-built-up 
areas. 

Similar conclusions may be drawn if, instead of counting the 
total numbers of heads injured, the analysis is restricted to those 


casualties who have body injury and the number of those who have 
head injury is counted. Contingency tables show that figures in the 
same row or column in the body of Table III are all significantly 
different. (This does not apply to the last column.) 


TABLE III 


ALL CASUALTIES WITH BODY INJURY, PROPORTIONS WITH HEAD INJURY 


With Helmet Without Ratio 
Helmet of Columns 


B.U. area 0-103 (0-008)* 0-156 (0-006) 0-655 (0-058) 
N.B.U. area 0-177 (0-018) 0-234 (0-016) 0-753 (0-093) 


(The numbers in parentheses are estimates of the standard errors of the 
proportions.) 


The last column of this table is in substantial agreement with 
that of Table II; the ratios here are slightly higher, but not statistically 
significantly higher. 


Seriousness of Injuries 
It has just been shown that the wearing of helmets reduces the 
numbers of casualties with injured heads. The vast majority of 
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casualties, fortunately receive only slight injuries. It is important to 
know whether helmets reduce the numbers of casualties with fatal, 
serious, and or slight injuries. To have something with which to 
compare the number of casualties in a given category, “‘slightly 
injured casualties with body injury” and ‘“‘number of casualties with 
body injury” are regarded as being unaffected by the use of a helmet. 
It would clearly be wrong to use “casualties with injury only to the 
body” because a helmet, in preventing injury to the head—as proved 
earlier—would appear to increase the number of casualties with 
body injuries only. On the other hand, in using “slightly injured 
casualties with body injury” there may be another inaccuracy. If 
a helmet, in preventing or reducing head injury turns what would 
otherwise be a “seriously injured casualty” into a “slightly injured 
casualty”—the reduction in the head injury affecting the overall 
seriousness of the injury—then a helmet would appear to increase 
the number of “slightly injured casualties with body injury”. A 
similar effect occurs, but with the opposite result, in turning “‘slightly 
injured” into “uninjured’’—a minor body injury not being reported. 
An analysis of the data, however, shows that there is no appreciable 
net effect of this sort. 

Using the data in Table I, the results of analyses on the numbers 
of casualties with various degrees of injury are set out in Table IV. 
The basic data are given in columns 3 and 4. Assuming that helmets 
have no effect, then the expected numbers of casualties with a helmet 
in the various classes are shown in column 6. All but one of these 
“expected” numbers are greater than the actual numbers. Column 7 
gives the value of y? obtained from the appropriate 2 x 2 contingency 
table and column 8 indicates the statistical significance of the value 
of y*. Whether statistical significance is established, or not, 
it is valid to calculate the estimated effect of helmets and to 
give its standard error. This is done in columns 9 and 10. This 
estimated effect is approximately the reduction in the number of 
casualties, as a result of wearing helmets divided by the expected 
number of casualties wearing helmets (i.e. 0-140 = (309-0-266) 
/309-0). 

Table IV shows that there is decisive evidence that a reduced 
risk of slight head injury is associated with wearing a helmet. It also 
shows that there is some evidence of a reduction in the risk 
of a serious or fatal injury, though this is only established for 
built-up areas: on the other hand the percentage of reductions— 
particularly for deaths—are quite large so it may well be that 
helmets do have a substantial effect on the risk of these more 
serious injuries. 
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Risk of a Casualty Dying in Built-up Areas and Elsewhere 


The percentages of the numbers of casualties in the various 
categories who died are set out in Table V. 


TABLE V 


PERCENTAGES OF CASUALTIES WHO DIED 


With Helmet Without Ratio 
Helmet of Columns 


B.U. areas 0-74 (0-22) 1-01 (0-15) 0-721 (0-239) 
N.B.U. areas 2:11 (0-66) 4-04 (0-70) 0-509 (0-172) 


(The numbers in parentheses are estimates of the standard errors of the 
percentages.) 


The differences between the percentages in built-up and non- 
built-up areas are statistically significant. The risks of death in 
non-built-up areas are also statistically significantly different. Table 
V shows that a motorcyclist who becomes a casualty in a non-built- 
up area is more likely to die than one in a built-up area. 


Proportions of Motorcyclists who wear Helmets 


Counts made by the Junior Accident Prevention Councils, 
of motorcyclists who wear, or do not wear, helmets have provided 
important data concerning the local usage of helmets. In addition, 
the accident data obtained from the Metropolitan Police provide 
information on the wearing of helmets in the London area, assuming 
that their use does not affect the risk of body injury. Analyses, 
similar in form to those used previously, can be made of the numbers 
of casualties with body injury: they show that the differences between 
figures in the same row or column of Table VI are all statistically 
significant. (This does not apply to the last column.) 


TABLE VI 


PERCENTAGE OF CASUALTIES WITH BODY INJURY WHO WERE WEARING HELMETS 
J.A.P.C. Counts 
Built-up Non-built-up (mostly in built-up 
Areas Areas areas in other counties) 
1954 23-4 (1:0) 30°4 (2-4) 21-8 (0-3) 
1955 28-0 (0:8) 42-4 (1-8) 32-0 (0-4) 
(The numbers in parentheses are estimates of the standard errors of the 
percentages.) 


It need not be expected that the percentages in the first two 
columms should agree with the results of road-side counts given in 
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the last column. Suppose that the larger motorcycles are more often 
involved in an accident, per vehicle-mile, so that if, for example, the 
proportion of riders of large machines who wear helmets is larger 
than for small machines, then the percentages given in Table VI will 
be higher than those obtained by road-side counts. In any case the 
road-side counts were generally outside London. It is, of course, the 
proportion who are wearing a helmet when involved in an accident 
which is important. 


Conclusions and Summary 


The data for accidents to motorcyclists in certain divisions of 
the Metropolitan Police Area show that helmets reduce the chance 
of injury to that part of the head which they cover, by 30 to 40 per 
cent both in built-up and in non-built-up areas. Counting only those 
who have body injury, the risk of head injury is still reduced, but 
probably by not quite so much. 

These results are dominated by slightly injured casualties 
(because of their greater number). However, wearing a helmet has 
a similar effect on fatally and seriously injured casualties—at least 
in built-up areas. Details are set out in Table IV. 

For non-wearers of helmets who become casualties in non- 
built-up areas the risk of death is 3-9 times that of similar casualties in 
built-up-areas; while for casualties with helmets.in non-built-up 
areas the risk of death is only 2-6 times that of similar casualties 
in built-up-areas. 

Not only do helmets reduce the risk of a motorcyclist involved 
in an accident becoming a casualty, but in non-built-up areas helmets 
reduce the risk of a casualty dying, by nearly 50 per cent. In built-up 
areas the effect is not proved but helmets are associated with a 25 
per cent reduction in the risk of a casualty dying. 

For both wearers of helmets and non-wearers, the risk of head 
injury, relative to body injury, is about 50 per cent greater in non- 
built-up areas than in built-up areas. 

The proportions of motorcyclists who wore helmets in 1954 
and 1955 have been estimated, both for built-up and non-built-up 
areas. These proportions were considerably larger in 1955 than in 
1954 and are also considerably larger in non-built-up areas. 

The evidence examined in this paper, therefore, shows that, while 
present-day crash helmets are affording considerable protection to 
their users (in the data examined helmets seem to have reduced the 
number of deaths by 40 per cent) there is scope for even better 
protection. 
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LONDON COMPUTER GROUP 


The London Computer Group, which now has a membership 
of about 500, announces that it has completed arrangements to assist 
in the formation of similar groups outside the London Area. 

It is also setting up a Research Sub-Committee to report on 
specific problems addressed to it from time to time, and in particular 
to maintain the annual survey of computers and EDP installations 
operating and planned in this country. Twenty-four Study Groups 
are now completing reports, which will be published in one volume 
during summer, 1957. 


DYNAMIC INSTABILITY OF TRANSPORT SYSTEMS 


The Society’s annual ‘open’ meeting was held in London on 
11 March, when the above-mentioned subject was discussed. Papers 
were given by Prof. LIGHTHILL, F.R.S., H. G. JoNgs (Steel Company 
of Wales), Dr. R. SMEED (Road Research Laboratory), H. REICH 
(Ministry of Transport and Civil Aviation) and P. I. WELDING 
(London Transport Executive). Professor P. M. S. BLACKETT, 
F.R.S., was in the chair for the first part of the meeting and M. G. 
BENNETT (British Transport Commission) for the second part. 

A report of the papers and discussion will be published in our 


next issue. 
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CORRESPONDENCE 


A Stock MODEL 
Sir, 

In an article entitled ‘A Stock Model’, printed in the December 
issue of OPERATIONAL RESEARCH QUARTERLY, R. R. P. Jackson 
provides a method for optimization of the stock level. However, the 
stock holding cost calculated according to the formula (N+ 1)sb/2u 
and tabulated for assumed values of N,s,b and w seems to be in 
excess of the required value. 

Thus for N = 100 

s = 0-25 per cent 
b = 60 
wu = 200 
Holding cost in pence per unit should read 


0-25 
101 x Too x 60 


400 
and not 3-8 as published in the paper. 
Table I would now be: 


Stock Units 100 200 400 800 1600 

Basic Price d/unit 60 54 50 49 48-5 

Stock Holdings Cost d/unit 0-038 0-068 0-125 0-245 0-485 
Total Cost 60-038 54-068 50-125 49-245 48-985 


= 0-038 





The economical rate of production would therefore be nearer 
to 2,000 units per week than 200 as quoted in the article. 
A good approximation to Mr. Jackson’s formula can be 
obtained in a much simpler fashion than the one he describes. 
Using his notation where 
u = Sales per unit of time 
b = basic value of one stock unit 
s = holding cost of unit value of stock per unit of time 
N = number ordered 


‘ ; Nes, See . 
N pieces will be sold in — units of time. 


Therefore they remain in stock for an average of 


N , ; 
- units of time. 


2u 





The holding cost of N units is Nsb per unit of time. 
So cost of operating an initial and replacement stock of size 
N units is 


N 
Nsb — 
2u 
. . Nsb N+1)sb . 
or cost per unit of stock is =— as against “7% piven by Mr. 
2u u 
Jackson. 

The difference between the two formulae is of no practical 
importance because as can be seen from Mr. Jackson’s Table I 
(corrected above) the difference is only observed in the holding cost 
which is small in relation to the manufacturing cost. 


The Glacier Metal Co. Ltd. W. E. DUCKWORTH. 
S. BABIK. 


Sir, 

Mr. Jackson’s formula may be derived, as Messrs. Duckworth 
and Babik have shown, in a simpler way. It is a variation of the 
““square-root-of-sales” formula which is quoted, for example, - by 
Magee.! This formula is useful for calculating the most economical 
quantity to buy, but is fallacious if applied to manufacture. It 
assumes that all products which are made in batches on the same 
plant are independent, and this assumption is obviously untrue. As 
Salveson? says, “‘the economic lot size formulae developed to date 
are either no use where they are technically applicable, or they are 
not technically applicable where they may be useful’’. 

The problem may be approached in an elementary way by 
assuming that the production rate (q), the fixed cost per batch (u) 
and the variable cost per unit (m) are the same for all products. 
Then if 


T = most economical manufacturing cycle time 

N = number of products 

p = rate of ingerest (including storage charges, etc.) 
s; = Sales rate for the ith product 


it can be shown that 


2Nuq 


T? = — ‘ 
mp(q?— SS?) 





All the products are made in turn, in quantities which are directly 
proportional to their rates of sale. 

A more sophisticated approach is now being made, in which 
products with different values, profit rates, sales rates and production 
rates are considered, as well as setting-up or clearing times between 
batches. The results are promising, but the calculations are rather 
too complex for routine clerical control, and we are programming 
them for the Ferranti ‘*Pegasus” computer. The theoretical develop- 
ment is complete, but publication is being delayed until the figures 
for a practical case study are available. 


8 Cranbourne Drive, 
Pinner, Middlesex. A. BATTERSBY. 





1 MaGEE, J., ‘Guides to Inventory Policy, I’, Harvard Business Review, 1956, 


34, 49. 
2 SALVESON, M. E., ‘A Problem in Optimal Machine Loading’, Management 


Science, 1956, 2, 232. 


Mr. Jackson writes: 
Sir, 
I am grateful to Messrs. Duckworth and Babik for pointing out 
a computational error in the example given in my paper. This 
example was constructed to indicate the type of information which 
could be given to executives using the derived formula. Unfortunately 
the computation was inadvertently made for 25 per cent instead of 
0-25 per cent as stated in (3), page 7. With this correction, albeit a 
possibly exaggerated situation, the figures in the example are Correct 
and do, in fact, show how an optimal situation could be arrived at. 
I agree that it is possible to obtain my formula in an even more 
elementary way than that given in the paper: 
If the simplifying assumption is made that stock units are 
used uniformly so that one unit is issued at the end of every 
p-1 units of time, then each number n of stock units is only 
held for a length ~ units of time with cost msbu~!. Thus the 
cost of operating the process with an initial stock of size N is 


N 
Snsbu-! = 4N.(N+1)sbp or (N+ l)sby per unit of stock, 

1 

as before. 

My paper shows that in the long run, for the model discussed, 
the cases of uniform and random stock withdrawals are equivalent 
‘cost wise’. 
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I am also grateful for Mr. A. Battersby’s remarks. However, 
he seems to be referring to a different problem and | look forward 
to seeing more of this in print. 

Yours faithfully, 


Imperial Chemical Industries Ltd. R. R. P. JACKSON. 


THE NAME AND NATUuRE OF O.R. 
Sir, 

In discussing the Operational Research approach with senior 
industrial engineers and managers much time may be taken up on 
the questions raised in the recent correspondence between Professor 
McCloskey and A. W. Swan. 

The main objective of such discussions is generally to bring new 
thinking and tools to the aid of an existing organization and to 
do this quickly and effectively a common purpose must be estab- 
lished. 

A clear understanding of the scope, tools and organization of 
the subject is the necessary foundation, and in senior management 
groups which include administrators, technical directors, industrial 
engineers, and other specialists, this may not always be easy to 
achieve. 

The simple diagram overleaf was evolved at ‘Southfield’ 
(The University of Birmingham, Institute for Engineering Production) 
some time ago as an aid to rapid visualization of the objectives. 
philosophy and tools of O.R. 

Although abbreviated it has proved in practice to be of some 
assistance in cutting through argument on definitions and termino- 
logy and in establishing the major objectives. 

Tube Investments Ltd., T. U. MATTHEW 

Birmingham. 
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THE CONSEQUENCES OF ECONOMIC 
STABILIZATION 


by 
A. TUSTIN* 


On 24 October, 1956 Professor Tustin outlined to a meeting of the Operational 
Research Society the analogy between economic systems that are liable to booms 
and slumps, and the feed-back control systems of engineering that are liable to 
oscillation. In this article he argues that techniques for stable economic regulation 
are not the only requirement, since without some new principle for wage determina- 
tion the fruits of stabilization cannot be fully harvested. 


THE adoption by governments of policies of ‘full employment” 
followed the revolution in economic thought that resulted from the 
publication of J. M. Keynes’ General Principles of Employment, 
Interest and Money in 1935. These policies have now had ten years of 
post-war application. The successful maintenance of “sustained 
boom’’, with only minor and local recessions, marks the beginning 
of an era differing in character from the first century-and-a-half of 
the industrial age. Social evolution results from the interaction of 
many processes, of which development in economic thought and 
practice is only one, but the assurance of a permanent end to the 
expectation of major recessions will be a factor significant enough 
to distinguish two historical epochs. Much of our industrial and 
trades-union organization, our economic nationalisms and our 
ideological conflicts are carried over from the era of instability and 
are in process of adaptation to the new situation. Is it now possible to 
base our thinking on the postulate that economic life will henceforth 
be increasingly well-regulated ? 

Deductions from experience are always liable to the error of 
the old lady who said that she now expected to be all right until 
Christmas because she had noticed that if she got through to Easter 
she always lived for the rest of the year. 

The past ten years have had the special features of post-war 
reconstruction and large expenditure on armaments. Many more 
decades would have to elapse before it could be decided from 
experience alone whether or not major slumps belong to the past. 
But independent evidence is provided by knowledge of the principles 
that government economists now apply. There is good reason to 
believe that they are masters of the old “trade cycle”, but they 
have still to solve the new problems of wage-pressure and inflation 
that “perpetual boom”’ creates. 





* Imperial College of Science and Technology, London. 





Means available to Control the Level of Economic Activity 


The proposition on which the commitment to maintain full 
employment originally rested was the simple one that if there were 
neither savings nor taxation all consumption goods produced 
would be purchasable by the wages, salaries, interest and profit 
paid out in making them, since these payments together just make 
up their collective price. Savings and taxation must be offset by 
disbursement of money not contributing to this total of prices. One 
source of such disbursement is the wages, salaries and profits paid 
out in the making of capital goods. Another source is government 
expenditure not recovered in taxes (contribution from deficit budget- 
ing). By varying such disbursements, it was argued, employment 
could be maintained at any desired level. 

That full employment could be ensured by such disbursements 
might be no more true than is the proposition that a pin may be 
stood an its point. If the pin is vertical the forces on it are in equi- 
librium, yet it always topples over. The above argument shows how 
the point of economic balance may be made to occur at a higher 
level. It does not say that this condition will be stable. 

The stability. of a condition of economic equilibrium may be 
examined by recognizing the system as a number of interacting 
quantities (incomes, prices, etc). Then the concepts and criteria of 
stability that have been developed during the last twenty years to 
deal with complex electrical and mechanical control systems are 
applicable. The behaviour of such systems may be predicted once 
the quantitative relations giving the effects of each quantity or 
variable on the others have been discovered. 

Instability in any such systems arises from the existence of some 
closed sequence of cause-effect relationships, or, in other words, a 
situation such that if some one quantity varies, there is a repercussion 
round the sequence that causes further variation of the same quantity. 
The variation may then be self-sustaining; it may be cumulative in 
one direction or it may be oscillatory. Even if such systems are not 
completely unstable in the sense that they vary spontaneously, if 
they approach such a condition, they then show exaggerated 
response to disturbances. They are unduly labile. In an economic 
system, which is always subject to some disturbance from physical 
technological and political sources, such a situation might display 
itself in continuous quasi-regular variations. 

In our economic system there exists one major closed causal 
sequence that introduces the possibility of instability. A condition 
of increasing activity makes investment appear more potentially 
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profitable, and increasing investment raises the equilibrium level 
and may enhance the boom. Conversely a minor decline in tempo 
may be cumulative because it provokes a decline in the rate of 
investment. On reasonable assumptions about the magnitude of 
these effects it has been shown that the system may be unstable 
or approach instability. Such a system would tend to oscillate 
between an upper limit set by full employment, and a lower limit 
set by a minimum rate of investment. 

Whether such oscillation happens or not depends on many 
things, but in particular it depends on whether government expendi- 
ture responds to fluctuations in economic activity in the same way as 
profit-seeking investment responds, or whether it is deliberately 
varied in the opposite sense, or whether some other form of corrective 
action is taken. 

Governments have not publicly declared a systematic policy 
except that of raising the equilibrium level to close proximity to 
the limit set by full employment. It would not be unreasonable 
to presume that this would suffice to ensure stability, for if activity 
is ‘‘pressing against the ceiling”’ it cannot increase, and if the upward 
pressure is sufficient, activity seems unlikely to fall, and would in 
any case quickly increase again. 

Whether or not this simple view was ever held it must now be 
seen to be untenable. Pressure of demand for labour, when it is 
limited in supply, results in an upward trend in wage-rates, and 
consequent difficulties in foreign exchange. Governments have in 
practice taken forceful action from time to time to reduce the 
pressure on employment, i.e., to secure deflation, in an atmosphere 
of crisis. Measures to reduce spending then fall heavily on certain 
industries, particularly those producing semi-luxury “‘consumers’ 
durables” such as radio sets and cars. This is regulation with a 
sledge-hammer. To see whether any more satisfactory form of 
regulation is possible it is necessary to look more closely at the effects 
of ‘“‘full employment’’. 

The focus of interest in quantitative economics has thus shifted. 
It is no longer the mechanism of the historic trade cycle, but the 
very different cycle of expansion, wage increases, exchange crisis 
and deflation. Economists, like generals, are rather liable to find 
themselves preparing to win the battles of the last war. 


The Mechanism of Inflation 
Although the tendency of “‘sustained boom” to produce an 
upward trend in wages is apparent to everyone, it is difficult to 
formulate the relationships quantitatively. One factor, in times of 
79 





exceptionally rapid technological change, is the great diversity of 
conditions in different sectors of industry. General stimulus by 
raising the expectation of profitability will result in quite abnormally 
large profits and great incentive to expansion in certain sectors that 
are expanding for other reasons. Such sectors of industry must offer 
differentials of wages, either openly or disguised, in order to attract 
labour. They will give wage increases to avoid stoppages and 
because their profit levels make refusal difficult. Other wages will 
be raised in consequence through cost-of-living clauses and on 
grounds of manifest injustice. Thus even moderate general demand 
provokes some wage increases, for there are resistances to wage 
cuts that are of a different order from those opposing wage increases. 
The trend of wages will therefore be upwards unless there exists some 
quite appreciable unemployment. 

It is also necessary to be clear why an upward trend in wages, 
and consequently in prices, cannot be permitted to exceed a certain 
rate. Such a change is equivalent to a fall in the real value of money. 
One objection to this, but one that has never been very effective, is 
the injustice to holders of claims to money income. The critical 
objection, however, arises only if the rate of increase in wage-costs 
in Britain exceeds the rate of increase elsewhere, particularly in the 
United States. Then it becomes more difficult to sell abroad, but 
buying from abroad is likely to increase. There is then difficulty in 
obtaining foreign currency. 

If it were not for special circumstances this difficulty could be 
put right by selling sterling cheaper, i.e., by devaluation. But the 
special circumstance does exist that sterling is held in large amounts 
as a medium of international trade and finance, and any expecta- 
tion of devaluation would provoke selling of sterling and a cumula- 
tive fall. It is therefore understandable that governments seek to 
avoid not only actual devaluation, but also to avoid conditions that 
might cause suspicion that devaluation would sooner or later have 
to be resorted to. No doubt there are often elements of mythology 
in attitudes to this matter, but international finance is an important 
British industry, to be protected from disaster. 

It would therefore seem that British wage-trends upwards will 
not be allowed to exceed these in the United States, and that this 
may be incompatible with “‘ full? employment. Is there any escape 
from this situation? 


Solutions for the Problem of Inflation 
Logically there are two obvious possibilities of avoiding 
unemployment in the interests of the dollar exchange, neither of 
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which is likely to be applied. The first would be an agreement by 
the United States to permit a sufficient inflation of dollar wages and 
prices to make deflation here unnecessary. The second would be 
direct control of the total of profits and wages, but this has a some- 
what radical incompatibility with a system that is based as its 
motive principle on the expectation that every individual will seek 
to increase his gains. 

It seems likely therefore that for some time to come the attain- 
ment of full employment with stability by ‘“‘pressing against the 
ceiling” cannot be implemented. Either there must be efficient 
continuous regulation at some sufficiently lower level or there will be 
intermittent “‘sledge-hammer” regulation on occasions of currency 
crisis. 

Neither will avoid unemployment, nor secure all the possible 
fruits (psychological as well as material) of its avoidance, but deliber- 
ate regulation to a less intensive but steady activity would clearly 
be much to be preferred to intermittent and violent application of 
the economic brakes. 


The Problem of Close Regulation just below Full Employment 

Governments have abundant and varied means at their disposal, 
as recent actions have demonstrated, to impose inflationary or 
deflationary trends. The economy is in any case always subject to 
varying disturbances. The problem is to use the controls according 
to the actual or anticipated disturbances and the observed trends 
of suitable statistical indicators, to maintain employment at the 
maximum level compatible with rates of wage increase within the per- 
mitted limit. This limit may vary with events in other countries. 
Such regulation would of course automatically obviate “trade 
cycles”’, but it goes much further. Its development presents problems 
of great difficulty. 

If the quantitative relationships between the relevant quantities 
were known there would be no difficulty in devising a routine of 
stabilization that would result in minimizing undesired variation. 
The problem lies in discovering these relationships, that are not only 
complex but are not likely to remain constant over long periods. 

The difficulty due to the diversity of conditions in various 
sectors of industry has already been mentioned. This pattern is 
never constant for long, and changes with technical innovation. 

Some imponderable factors are involved. One of these is the 
relationship between wages and profits. The division of proceeds is 
in the last resort determined by the anticipated outcome of hypo- 
thetical industrial conflict, and is subject to changes in the “‘climate 
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of opinion” that are extremely difficult to associate quantitatively 
with preceding economic history. 

Nevertheless, if a mechanism or “‘model” can be devised that 
represents at least the main causal relationships, quantitative values 
may be given to the parameters such as account best for the recent 
history of the system, and the model, with these values, may provide 
a basis for passable regulation. 

Considerable effort is being given to solving this basic problem 
of “‘parameter estimation” in complex models. Procedures are 
understood in principle that will provide a model that would most 
nearly correspond with the recorded behaviour of the actual system. 
The elaborate arithmetical manipulations required may probably 
be avoided by mechanization, preferably by a physical analogue 
with provision for systematic automatic variation of its parameters 
towards an optimum “‘fit’”” with the statistical record. Whether or 
not such a procedure would provide an adequate basis for prediction 
and control depends on circumstances. For example, a particular 
factor obviously cannot be evaluated unless it has come decisively 
into play during the period of the statistical record. 

Fortunately, even partial progress towards a complete solution 
would be useful, and we may look forward with some confidence to 
a progressive improvement in the regulation of unemployment. 


This may serve in the interim period until a more rational principle 
of determining wage-rates is involved, so that involuntary unemploy- 
ment may be avoided altogether. 


STATISTICAL METHODS IN INDUSTRY 


The prospectus of the residential course to be held on this 
subject at Peterhouse, Cambridge, from 25 June to 4 July, mentioned 
in our last issue, has now been issued. The course sets out to provide 
‘an opportunity for scientists and technical men working in industry 
to strengthen their knowledge of statistical methods. . . . The course 
consists essentially of the working of examples under supervision . . . 
only a moderate, basic knowledge of mathematics is required. . . 
those beginning their study of the subject will be catered for by a 
modified course, with lectures’. It is suggested that the full course 
should be particularly valuable to directors of research, technical 
directors and others concerned with the interpretation of the results 
of experiments, the handling of uncontrolled observations and investi- 
gations with process difficulties. 
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ROAD RESEARCH 


THE following eight summaries refer to a selection of the work 
undertaken by the Road Research Laboratory. They are reproduced 
by permission of the Director of Road Research, Road Research 
Laboratory, Harmondsworth, Middlesex, to whom anyone interested 
should refer for further information. 


An Exploratory Survey of the Use of Vehicle Headlights on 

Roads with Group B Street-lighting Installations 

RN 2669/AEW 

Following the recommendation of the Departmental Committee 
on Street Lighting in 1937, most new installations have fallen into 
one of two groups. Group A installations, which have a mounting- 
height of 25 ft., are intended to be entirely adequate for the needs of 
drivers, but Group B installations. with a mounting-height of 15 ft. 
and a lower light output, are not necessarily so. One reason given 
by the Committee for the difference in mounting-heights was that it 
would indicate to drivers whether the lighting was intended to be 
adequate for driving without headlights or not. 

Recently, 51 drivers were interviewed to find out whether the 
mounting-height of the street lanterns in any way helped them to 
decide whether to use headlights or sidelights. None of the drivers 
was conscious of deriving any such guidance from the mounting- 
height of the street lanterns; in fact few of them had realized that 
there were two main mounting-heights. In general their answers 
indicated that the choice of which system of vehicle light to use was 
based on the driver’s estimate of the adequacy of the street lighting. 

The problem was also studied from another point of view: a 
count was made of the vehicle lighting systems used in four street- 
lighting installations with mounting-heights of approximately 15 ft. 
and providing different amounts of light. The results. confirm that 
drivers do not switch on headlights merely because the mounting- 
height of the lanterns is low; they use them when the street lighting 
1S poor. 


The Effectiveness of Periodical Vehicle Inspection in Ensuring 
Good Maintenance 


RN/2678/GC 
Periodic vehicle inspection is likely to be effective only if a 
substantial proportion of the total number of defects which develop 
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in the period between inspections is found when the test is made. 
The shorter the average delay in replacing or repairing defective 
items, the less effective will be the periodic inspection process. This 
delay may be calculated from the average life of components and the 
proportions found to be defective in inspections. 

Calculations made in this way from the limited information 
available indicate that most of the main items subject to periodic 
inspection are likely to be substantially better maintained as the 
result of this inspection, but that inspection is unlikely to be effective 
in reducing appreciably the number of unlit sidelights, stoplights and 
rearlights on the road. Improvements in these items can be expected 
only if their life is increased or if drivers replace defective components 
more quickly. 


Traffic Behaviour on a Single-track Road in the Scottish 

Highlands 

RN/2808 JWT 

Measurements have been made of the speed and flow of traffic 
on a single-track road in the Scottish Highlands which has about 11 
passing places per mile. Relationships between journey speed and 
traffic flow have been found and have been used to compare the 
journey times on this single-track road with those on a two-lane road 
in the same area. 

On the single-track road, journey speeds decreased by nearly 
0-8 m.p.h. for each additional 10 vehicles/h. passing in the range 
10 to 100 vehicles/h. The total time lost in accelerating, decelerating 
and standing was about 20 per cent of the journey time at a mean 
flow of about 50 vehicles/h. 

The average journey speed at very light flows was 32:3 m.p.h. 
on the single-track road and 36-9 m.p.h. on the two-lane road, the 
differences in speed being greater at higher flows. 

The average flow on the single-track road during the observa- 
tions was about 70 vehicles/h. It is estimated that at this flow a 50-mile 
journey would take about 30 minutes longer on a single-track road 
than on a two-lane road. 


Effect of Restrictions on Loading and Unloading of Vehicles 
on the Capacity of Signal-controlled Intersections 
RN/2829/PBE 
In October, 1955, restrictions on the loading and unloading of 

vehicles were brought into effect experimentally in certain selected 

places in Central London. 
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Observations of saturation flow (i.e., the maximum rate of 
discharge of vehicles from a queue during the green period) and of 
the number of waiting vehicles in the affected zones were made before 
and after the ban at 26 streets forming 10 intersections. 

It was found that after the restrictions came into effect: 

(1) The average capacity of these streets increased by about 170 
vehicles/h. and this appeared to be almost independent of the satura- 
tion flow. 

(2) The average number of waiting vehicles counted in the 
affected zones was reduced by about two-thirds. 

(3) The average number of hours (during the five hours of the 
ban each day) during which one or more waiting vehicles were 
found decreased by about 55 per cent. 

Both before and after the ban vehicles were found waiting only 
two-thirds as often on the nearsides of approaches to intersections as 
on the offsides (exits), and only two-thirds as many vehicles were 
found waiting within 150 ft. of the stopline on the nearsides of 
approaches as were found on the offsides. 


The Effect of Rain after a Dry Period on the Frequency of 
Skidding Accidents 


RN/2832/ECF 

There is a widely held belief that roads are more slippery on a 
wet day immediately following a long dry spell than following only 
one or two days of dry weather. To discover whether accident records 
would give any support to this belief, an analysis was made of the 
personal-injury accidents recorded in three counties during 1952, a 
year of average rainfall. The analysis was made to show how 
numbers of accidents, and particularly those involving skidding, 
vary from day to day on dry and on wet roads. 

The accident records yielded no evidence of an increase in the 
number or frequency of skids at the beginning of rain after several 
dry days. Moreover, in view of the small number of long periods of 
dry weather during the year, it is difficult to see how any increase in 
slipperiness after several dry days, even if it existed, could explain 
the marked increase in the frequency of skidding on wet roads in 
summer. 

A separate investigation in one county gave no evidence of a 
greater number of skids occurring at the onset of a wet period than 


after several days of wet weather. 
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The State of the Tyres of Vehicles Involved in Skidding on 
Wet Roads and the Appearance of the Road Surfaces 
Concerned 
RN/2885/JM 
From information.supplied to the Laboratory relating to part of 

a county police force area, a study has been made of the conditions 

obtaining in skidding accidents occurring on wet roads between 

January 1953 and May 1955. 

Photographs of the road surfaces, and information about the 
state of the tyres of the vehicles involved were supplied by the Chief 
Constable of the county for some 84 accidents. 

It was found that 66 (79 per cent) of these accidents occurred on 
roads with a rough coarse-textured appearance that most drivers 
would deem reasonably non-skid when wet. Seventy-nine of the 84 
vehicles involved were known to have been fitted with tyres having 
an effective tread pattern, i.e., at least 94 per cent of the vehicles 
reported as skidding on wet roads had tyres on whose road-holding a 
driver would feel he could rely. Moreover, of the 79 vehicles fitted 
with good tyres, 62 (74 per cent) had skidded on rough-looking wet 
roads. 

A study of the photographs suggests that these skids may have 
been due to polished aggregate in the surfaces. In a more detailed 
study of skidding accidents occurring between May 1952 and 
November 1954 in a county nearer the Laboratory, some 93 accidents 
were examined and the sites inspected; of these accidents 65 (70 per 
cent) involved vehicles with good tyres skidding on wet, rough- 
looking roads with polished stones in their surfaces. 


Accidents Before and After the Provision or Removal of 

Automatic Traffic Signals 

RN/2887/JCT 

The first part of the note compares the accident records of 
21 junctions (all within the London Metropolitan Police District), 
before and after the provision of automatic traffic signals. Before 
the change, there were halt or slow signs at some of the junctions 
but they were not regularly controlled by the police. Over the 21 
junctions as a whole, the frequency of personal-injury accidents 
decreased by about 40 per cent after the lights were installed. This 
was due mainly to reductions in vehicle-only accidents: those involv- 
ing injury to pedestrians or passengers in public service vehicles 
showed less change. The reduction was wholly in daytime accidents, 
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those in darkness showing a slight increase. There is some evidence 
that certain types of junction derived greater benefit from the traffic 
signals than others, but insufficient data are available to draw any 
firm conclusions on this matter. 

The second part of the note compares the accident records of 
five junctions (three in London and two in Wales) before and after 
the replacement of traffic signals by a roundabout, or vice versa. 
There is a strong indication that with the roundabouts there: were 
fewer personal-injury accidents, especially serious ones, than with 
the traffic lights, but that accidents involving pedal cyclists were 
more frequent. 


The Transverse Distribution of Vehicles in Daylight on a 
Three-lane Road Before and After the Erection of Street- 
lighting Columns 
RN/2900/AEW 
The transverse positions of westbound vehicles during daylight 

were studied on the London-Bath-Bristol trunk road A.4 at Slough 
(Bucks), before and after the erection of thirty 25-ft. reinforced- 
concrete street-lighting columns at | 20-ft. spacing and 18 in. from the 
edge of the carriageway. These columns replaced five slender |2-ft. 
cast-iron columns, four of which were irregularly spaced along one 
side of the road. One column opposite the site of the measurements 
was about 6 ft. from the kerb; the remainder were about 2 ft. from 
the kerb. 

Differences in the transverse distributions (statistically significant 
at the | per cent level) were detected both for private and for com- 
mercial vehicles. 

There was a decrease in the percentage of vehicles, both private 
and commercial, using the 4 ft. of road nearest the kerb and an 
increase in the percentage of vehicles using the section of the 
carriageway between 4 and 8 ft. from the kerb, after the erection of 
the lighting columns. 

There was some evidence also of decreased use of the centre 
lane by private cars, caused possibly by a movement away from the 
kerb of the opposing traffic. 





A COMPARISON OF OPERATIONAL 
RESEARCH IN THE U.S.A. AND IN 
GREAT BRITAIN* 
by 
R. L. ACKOFF 


It occurred to me that it might be of some interest to compare the 
operations research activity in the States with the corresponding 
activity that you conduct here. | have selected only a few differences 
to discuss. On none of these except the first do I speak with confi- 
dence, but I am willing to stick my neck out in the hope that it will 
stimulate discussion so that I can learn more about your activitv. | 
would like to say first that I don’t intend to discuss differences and 
similarities in military operations research for two reasons. First, my 
own experience in this area is rather limited and secondly, the 
limited evidence that I have been able to accumulate shows that 
there aren’t any very significant differences in the way that military 
operations research is practised in the two countries. | think the 
principal differences occur in the industrial and other non-military 
applications. 

One aspect of operations research in Britain which has always 
interested me a great deal is the social vision that characterizes many 
of the people who have been working in this area. One of my earliest 
contacts with this field was in a little paperbound book, by 
Waddington, called The Scientific Attitude. In the chapter on “Science 
and Politics’ he discusses the possibilities of applying operations 
research to the solution of social and political problems. This same 
interest was present in the address which Sir Charles Goodeve gave 
at Case Institute, in Cleveland, during its 75th anniversary celebra- 
tions several years ago. Not long ago there appeared in the United 
States a paper by the Earl of Halsbury called From Plato to the Linear 
Programme. The theme of this, again, was the possibility of applying 
operations research to broad scale problems in social planning. With 
the possible exception of Ellis Johnson of The Johns Hopkins 
University, there are not very many people in the States who have 





* A transcript of a talk given to the Field Investigation Group, National Coal 
Board, on 7 January 1957. The author writes, ‘I must apologize for my extem- 
poraneous spoken American. But at the request of your editors I have tried, in 
correcting the transcript, to retain its flavor of informality.’ 
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been concerned publicly with the use of this new science as an aid 
to broad scale social planning. There have been a few applications 
of operations research in the States in the area of city planning, and 
in several of the governmental authorities. These, however, have not 
been of the scope characterizing the British thinking, nor do they 
involve the type of vision expressed in the articles by the three British 
authors that I have mentioned. 


Techniques and Case Studies 

A second difference between operations research in the U.K. 
and U.S.A.—one which certainly must have struck you if only on 
the basis of looking at the difference between the British and the 
American journals—is the fact that American operations research 
is very largely methods-and-technique orientated. Most of the papers 
which are published or given in Britain tend to be general discussions 
or case studies rather than theoretical papers dealing with the 
mathematical exploration of some type of problem that arises in 
operations research. The literature in the United States is heavily 
balanced in the other direction. 

Now I think there are reasons for this difference which grows 
out of differences between British and American industry. American 
industry has long since been invaded, and very successfully, by 
applied sciences of many descriptions. As a matter of fact it has been 
edifying to me to find out that some of the well-recognized profes- 
sions and branches of engineering in the United States are relatively 
unknown in Britain and other countries. 

Let me just run through a brief résumé of the use of applied 
science in American industry. When the industrial revolution hit the 
United States about 1870, industrial organizations began to grow 
and reached proportions which were no longer such that one man 
could control them. Management was divided functionally into such 
departments as production, marketing, finance, personnel, and 
research and development. The position of production manager was 
created, and within a very few years applied physicists and chemists 
working in the area of production created mechanical and chemical 
engineering. In the period from 1910 to 1920, primarily as a result 
of the work of Frederick W. Taylor, management and mechanical 
engineers began to concern themselves with the interaction of the 
machine operator and the machine. As a consequence, the field of 
industrial engineering came into existence in the States. Now almost 
every major school in the country has an industrial engineering 
curriculum and gives undergraduate and graduate degrees in this 
area. There are relatively few industrial organizations in the United 
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States that don’t have either a large staff of mechanical or chemical 
engineers and a fairly substantial group of industrial engineers. 

In the 1920’s and particularly in the 1930’s the applications of 
Statistics to industry became very widespread in the United States, 
and the whole field and profession of statistical quality control 
developed. By the end of the second World War there were very 
few industries that didn’t have their own statistical quality control 
groups. In recent years, industry has been filled with more and more 
engineers with more and more specialized interests. We have tool 
engineers, materials handling specialists, packaging experts and 
many other such. 

Similar developments took place in the field of marketing. 
Marketing research is taught in many major universities, usually at 
the graduate level. Just about every major industrial organization in 
the States has a marketing research group. In addition there are 
engineers who have specialized in the problems of adapting the 
products of their organizations to the consumer’s needs. These are 
frequently called applications engineers. 

In the financial area, some of the earlier economists who were 
isolated in the ‘ivory tower’ were forced out. Industrial economics 
came into existence. A distinction was developed between micro- and 
macro-economics. Micro-economists have infiltrated industry in 
considerable numbers. (Can you imagine dealing with an organiza- 
tion like the General Motors Corporation and calling your work 
micro-economics? It seems that if you are solving anything less than 
the problems of the world, you are dealing with micro-economics.) 

In the personnel field, several types of specialized training are 
given in most universities. If the study of industrial personnel 
problems takes place in the psychology department, as it frequently 
does, degrees are given in industrial psychology. If it is given in the 
sociology department, it is called industrial sociology. If it is given 
in business schools, it is frequently referred to as human relations. 

We could go on similarly through several of the other functions 
of industry. The point of this description is simply to emphasize one 
major difference between industry in the U.K. and U.S.A. This is the 
extent to which American industry has already been invaded by 
specialized scientists. 

This is, I believe, one of the reasons why operations research 
moved into industry so much later in the States than it did here. It 
was only in 1951 that operations researchers and industrial manage- 
ment got together publicly for the first time at a meeting in Cleveland. 

The two consequences of this difference in industry are, first, 
that many of the problems which you people run into when you 
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move into industry (problems that have to be cleared away before 
you can start to operate at a grand scale) have already been solved 
in the States. Our industries have all been fairly thoroughly researched 
at the level of the various functions. As compared with Britain, there 
is not very much to be gained in most major industries in the United 
States by going in and looking at a production problem in isolation 
or looking at a marketing problem or at a financial problem or a 
personnel problem in isolation. The specialists have already done 
remarkably good jobs. This has meant that the operations research 
man moving into American industry can, and has been encouraged 
to, deal with the interaction of industrial functions and the 
organization as a whole. Consequently, there is a tremendous 
emphasis in the States on what we call systems studies. These studies 
tend to deal with the total system rather than to concentrate on any 
of its parts, so that in scope, our industrial O.R. problems are quite 
different. We have found it is necessary to develop techniques which 
are well suited to these rather complex problems of the total system. 
Economic lot-size equations, time studies, statistical quality control, 
and other similar techniques have already been applied extensively 
to departmental problems and they are not suited—at least not 
without considerable modification—to problems involving the inter- 
action of functional departments. 


Total System Approaches 

To illustrate what I mean by an approach to the total system, 
let me refer briefly to three studies which are currently underway or 
which have just recently been completed by the Case group. 

The first case involves one of the large commercial airlines in 
the United States. The problem with which they originally 
approached our Operations Research Group was a small one indeed. 
They have approximately a thousand stewardesses employed in their 
system, to provide the necessary services on their commercial aircraft. 
They train these stewardesses in a company-operated school. The 
problem they wanted to solve was this: how frequently to run a class 
to train stewardesses (it’s about a 6-week course), and what size 
should these classes be? Some of you will recognize this as an 
inventory problem, despite its rather peculiar context. Inventory 
theory was applied to obtain a solution. It turned out, however, that 
the cost of training and maintaining the stewardesses is extremely 
sensitive to the estimates of the requirements of the system which are 
used in the solution. It was necessary, therefore, to look at how the 
estimates of requirements were generated. Each of the bases in the 
system, which are the home stations of the stewardesses, make their 

91 





estimates or requirements separately. A study showed that this was 
not being done as efficiently as possible. A system for effective 
utilization of stewardesses at the bases had to be developed. It was 
also apparent that fewer girls would be needed to operate out of one 
base than out of, say, 10 bases, because by concentrating reserves in 
one place, a smaller number of reserves would be required. On the 
other hand, overhead costs would go up considerably as the number 
of bases in the system is increased. These observations raised the 
associated problems: how many bases should the system have, 
where should they be located, and how many girls should be assigned 
to each. 

Now, it turns out that to determine where the bases should be 
located one must study the flight-staffing requirements, so that the 
problem necessarily arises as to how the scheduled flights should be 
assigned to bases for staffing. Unfortunately, as soon as one starts to 
assign flights, the male crews are involved. Consequently they must 
also be swept into the problem. I could go on extending this problem 
indefinitely but the point is that in looking at any of these problems 
in a situation where the specific parts have been looked at separately 
by scientists before, the unique opportunities which exist for opera- 
tions research are in studying the inter-relationships between 
operations and various functions in the organization, and looking 
at the system as a whole. In many cases this requires the development 
of new methods and techniques. For example, the problem of deter- 
mining how to assign flights to bases in such a way as to minimize 
the away-from-home time of the crews, which is the critical variable 
in this case, required the development of a new method of applying 
linear programming because it is a problem which involves a matrix 
of more than two dimensions. 

The second case | should like to cite involved a metal producer 
in the States who asked us to look at a relatively small problem. 
Their company operates several smelting plants and a larger number 
of fabricating plants. The pigs are shipped from the smelting plants 
to the fabricating plants. The associated transportation costs run 
into millions of dollars each year. Management wanted to know 
how to ship this metal in such a way as to minimize the sum of the 
transportation costs. Now this is a relatively straightforward trans- 
portation problem in linear programming. However, in the course 
of making this study, a very important fact came to light: the 
fabricating plants could not usually be provided with all the metal 
that they wanted in any given month. In other words, customer 
demand and fabricating capacity exceeded the smelting capacity. 
This meant that shortages as well as metal were being distributed. 
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Hence, the cost of shortages, as well as the shipping costs, had to be 
taken into account. Now the cost of distributing a shortage is 
extremely complicated. How much does it cost a plant not to have 
metal for processing? Not having metal affects the way the plants 
can produce and, therefore, the way production must be scheduled. 
This problem could be approached by determining how fabrication 
costs vary as a function of the amount and mix of pig in inventory. 
This was done, but to do so it was necessary to develop a method of 
scheduling the production in the most efficient way; that is, to 
minimize the effect of metal shortage. The costs of production, in 
turn, depended on the inventories of semi-fabricated material and 
the generation of scrap. This study, like the previous one, began to 
sweep in the whole problem of metal utilization, the form in which 
inventory is kept, the extent to which the plants should produce for 
stock or to order, delivery lead times and their effect on sales, and 
so on. So once again a simple problem generated into a very compli- 
cated one involving many aspects of the system. 

The third case to which I only want to refer in passing, unlike 
the preceding two, started with the whole system. We had the pleasure 
in 1953 of being invited to participate in the development of a five- 
year plan. We worked with nine selected managers of the Lamp 
Division of the General Electric Company, which does a total annual 
business of about 200 million dollars. This five-year plan involved 
establishing objectives, operating policies, a plan for resource 
development and acquisition, reorganization of the Division, and 
establishing a new system of communication and control within 
that organization. That study took twelve people a little more than 
a year. The plan which was developed has now been operating on 
the new structure about a year and a half with success. 

This was a problem which started off including everything. The 
research problem involved cutting management’s problem down to 
manageable size relative to the amount of research resources which 
were available. But this trimming could not cut down on the scope 
of the problem. The research eventually affected the operations of 
every unit in the Division and led, subsequently, to a series of more 
detailed studies of more restricted scope. So the system was studied 
in depth as well as breadth. 


Basic Research 
I hope these brief accounts have helped make clear what I mean 
by the systems approach. Perhaps this is as good a time as any to 
give you some notion of what some of the current methodological 
and technical research looks like, and how it arises out of a concern 
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with the whole system. This concern with methods and techniques 
has led to a much greater emphasis than exists here on basic research. 
The effort to develop methods and techniques in relatively unexplored 
areas is fairly considerable, particularly in academic institutions and 
research institutes. (I want to talk about the academic institutions 
later as my third point.) 

I hope you will excuse my drawing on my own experience for 
case material, but it is always easier to refer to something you know 
something about than something you don’t. Let me just briefly tell 
you a little bit about some of the basic research that is currently 
going on at Case Institute so as to give you some idea as to why we 
are concerned with methods and technique development. 

About three years ago we were asked by a railway company to 
look at the procedure that they used for distributing the revenues 
that were received for freight hauls which involved several railways. 
Because of the size of our country and the number of railroads, 
many shipments of freight between two cities are carried over several 
lines. Consequently, the revenue collected by the terminating railroad 
has to be divided among all the participating railroads. In some 
instances the cost of doing this accounting operation is greater than 
the profits received from carrying the package. The cost of dividing 
revenues runs into millions each year. In studying this accounting 
operation it was observed that if auditors took a set of bills that had 
been divided by the revenue experts and checked them, they would 
find enough errors to pay for the run through the documents. One 
railroad was sufficiently curious to try a complete audit a second and 
third time, and it still paid for itself. Further research showed that it 
was better to use a sampling procedure than to audit several times. 
By the use of sampling procedures the total cost of the operation was 
considerably reduced, and actually greater accuracy was obtained 
than was obtained on a 100 per cent accounting. Now this struck us 
as being quite interesting. Why should it be that if you take fewer 
observations you can come out with more accurate estimates of the 
amount due to each railroad than if you take each transaction? 
Anybody in his ‘right head’ tells you that in order to get more 
accurate estimate you have to observe every element. Those who 
have been involved in sampling have known for a long time that 
this is not true but many have not been very self-conscious about 
why it is not. The reason, of course, is that the errors which result 
in making an estimate of a statistic are not only a function of the size 
of the sample but also a function of the accuracy of observation. Now 
the unpleasant aspect of nature is this: If we have a fixed amount of 
resources available for collecting information and we want to decrease 
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the sampling error, we increase the size of the sample. But for fixed 
resources, as we take more observations, we have less time and 
resources per observation; so the observational error increases as the 
sampling error decreases. Obviously, the problem of optimizing this 
information-collection procedure involves one of balancing these 
two sources of error in such a way as to minimize the total cost of 
error and the operation. There has been practically no work done 
in this field. The statistician has shown us how to minimize sampling 
error for any given amount of resources; the psychologist has taught 
us something about how to reduce observational error, assuming 
there is no sampling error present. But a theory which is sufficiently 
comprehensive to bring these two things together does not exist. 
One of the basic research activities going on in the States now is in 
this area. 

If this work is successful, it has tremendous application in a 
number of different areas. All aspects of auditing can be affected. 
How many documents should an annual audit include? This must 
take into account the two sources of error and in some sense try to 
come up with the best answer. The problems of exploration for 
metallic ores and petroleum falls into this area. Many military 
problems, including many ‘search problems’, are of this type. For 
example, in searching for submarines you can use a jet plane which 
will cover a very large area in little time, but which has a very low 
probability of seeing a submarine if it is there. Or you can take a 
‘blimp’ and put it out over the ocean and only cover a very small 
area. It has a very high probability of finding a submarine if it is 
there. Now, in the problem of determining what resources to use and 
how best to use them in gathering information, one should take into 
account both sources of error. The balancing of these types of error 
falls into a generalized theory of search or information-collection 
processes. There is some basic research going on in this field. 

The following is another basic problem. If what we are really 
concerned with in operations research is to improve operations, we 
cannot be satisfied with submission of a report and a set of recom- 
mendations at the end of research. There are at least two important 
things that happen, once a report is submitted, which have an effect 
on the actual operations. The first is what we can refer to as the 
‘principle of distortion’. The principle of distortion asserts that once 
recommendations are accepted, those who carry out the recom- 
mendations will operate in such a way as to maximize the distortion 
of those results. Now this distortion should be taken into account. 
How should recommendations be made so as to minimize the amount 
of subsequent distortion? It may be possible, for example, to have an 
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optimal solution to a problem but a solution which cannot be 
applied in practice except with considerable distortion. Or it may 
be possible to obtain an approximation to the optimum which can be 
applied with relatively little distortion. Let me cite an instance. We 
did a problem in a chemical industry for which an optimal scheduling 
procedure involved the solution of three simultaneous non-linear 
equations each of which were several feet long when written in 
normal handwriting. There were no available computers which could 
solve these particular equations within the amount of time which 
was required for practical purposes. If we had submitted this solution 
as a recommendation, one can imagine the kind of distortion that 
would have occurred. Even assuming the management had accepted 
the results, the chances are that nothing would have been done. On 
the other hand, it was possible to develop a single arithmetic equation 
which could be solved by a clerk in ten minutes and which attained 
85 per cent of the potential improvement over the existing system. 
This could be applied with relatively little distortion. In a sense, the 
second solution was much closer to a practical optimum than was 
the first, and the difference is the activity of the people who were 
involved. Holding the distortion factor in mind, let’s turn to a second 
factor which we will call the ‘probability of acceptance’. 

There is not much point in getting a perfect result which has a 
very low probability of being accepted by management. It would be 
much better to have a result which is less perfect but which has some 
probability of being accepted. Ideally, we would like to know in 
advance what are the probabilities of acceptance which are associated 
with the various alternatives. The problem of understanding what an 
organization is likely to do under the impulse of the set of recom- 
mendations of a study requires a much better understanding of how 
organizations operate than we currently have. As a consequence, in 
the States there are at least three major basic research programmes in 
organizational theory. These efforts are directed toward finding a 
theoretical structure and experimental means of determining how an 
organization will react under certain types of stimulation of a sort 
that is provided by operations research. 


Academic Participation 


I think the third major difference between operations research 
in the United States and in Britain is that in the United States the 
participation of academic institutions is considerable and in this 
country is practically nil. My understanding is that with the excep- 
tion of short courses given periodically at two or three universities, 
there is practically no academic activity here. In the United States at 
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the present time there are more than 30 major institutes and universi- 
ties which are providing some course-work in operations research. 
There are six universities which now have graduate curricula leading 
to advanced degrees in operations research or the equivalent. There 
is also an equal number giving degrees in other subjects with a minor 
in operations research. I think this difference in academic involve- 
ment has significance and I would like to muse for a moment on 
why this difference exists and what is its significance. 

First of all, the development of an academic curriculum pre- 
supposes an identifiable subject matter that can be taught. There has 
been a good deal of discussion here and in the States as to whether 
or not operations research is an identifiable and a distinct science. 
While this discussion is taking place, the academic activity is going 
on. While people are still arguing about whether or not the subject 
matter of operations research is unique, it is being identified opera- 
tionally in academic curricula every day. Now a branch of science is 
identified primarily by its subject matter. The essential differences 
between physics, chemistry, biology, psychology, economics, and so 
on are not in terms of techniques or methods. They interchange 
methods and their own methods continually evolve. What distin- 
guishes them is the class of phenomenon that they are trying to study. 
In the States, there has been an increasing effort and increasing 
agreement on what constitutes the subject matter of operations 
research. Unfortunately it has not reached a point where it can be 
put briefly, but there has been a considerable convergence of opinion. 
Essentially, the opinion which has grown is that operations research 
is the study of organized systems (of the character that we have 
considered here) to provide decisions which enable these systems to 
operate in the most effective way from the point of view of the 
Organization as a whole. Now this rather complex expression may 
not make very clear what the subject matter is. but when we reflect 
on it and see how it differs from subjects studied by other sciences, | 
think it helps a little. 

We should point out that the subject matter that’s studied 
by specific science was not originally identified by that science. 
Problems of management, of organized man-machine systems, have 
been studied for centuries. In the same sense. although physics came 
into existence as an identifiable science only a little over a 100 years 
ago, physical phenomena were studied at least as far back as the 
early Greeks. Subject-matter areas do not break themselves off and 
become identifiable scientific disciplines until they can adapt and 
develop methods and techniques which equip certain people to solve 
effectively problems involving this class of phenomenon. What we 
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need in order to have a separate scientific discipline, therefore, is not 
only a unique subject matter but something by way of effective 
methods and tools for tackling this class of problems. 

Central to the operations research methodology is the use of 
mathematical models. It is certainly true that in most operations 
research, the systems which are studied cannot be manipulated under 
laboratory conditions or under controlled conditions out in the field. 
As a consequence, the normal methods of experimentation cannot 
be used to determine which of the set of alternative policies will yield 
the best results. Consequently, following the lead of the astronomers, 
we construct a symbolic representation of the system under study 
and manipulate the representation to predict the effect of changes in 
the system without actually making the changes. Physicists have used 
mathematical models in this way for some time. 

There are, however, several major differences between the types 
of models that the physicists use and the ones that the operations 
researchers use—differences which create rather unique problems 
that have to be solved by some discipline other than physics. The 
model that we are dealing with should be represented in abstract 
form as follows: 


E=f(x,+-y;) 
The problem is generally formulated as one of finding the value 
of the variables which are subject to control (x,;) which will maximize 


the measure of effectiveness (£) under uncontrolled conditions 
defined by the parameters (y;). 

Now the uniqueness of the class of problems that arise in 
operations research arise out of several factors. The first problem 
comes up in establishing this measure of effectiveness. Every 
organization involving human beings, and particularly industrial 
organizations, involves objectives which are at least partially incom- 
patible. If we list all the goals of a given organization, we find that 
we cannot progressively attain all simultaneously. The problem of 
constructing a single measure of effectiveness in the situation of 
conflicting objectives is a basic one; it is one to which, in the States, 
the areas of Decision and Value theory have been addressed. | think 
one of the fundamental problems in operations research is to develop 
a methodology for the extraction of a measure of effectiveness from 
such situations. We simply cannot put our heads in the sand and 
pull out one objective (even the most important one) and do the best 
we can relative to it, ignoring all the others. 

A second major difference occurs in the statistical character of 
the uncontrolled parameters (1;). It is true that in mechanics many 
of the variables which are dealt with are statistical in character, but 
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although statistical, they are stable. The systems studied in operations 
research are more dynamic than those we usually deal with in science. 
We must deal with types of statistical phenomena that simply will not 
obey any of the textbooks on the subject. This creates a new problem 
which I think we are only beginning to explore but on which some 
progress has already been made. The major problem arising out of 
this is the following one: There is no such thing as a final solution 
in operations research as it is conceived here, for the following 
reason.The parameters (which are not subject to control) do not 
stay fixed in time. Consequently, any set of values assigned to the 
control variables will optimize or maximize effectiveness relative 
only to a particular set of values of these parameters. Consequently, 
a solution can be said to be obtained only if we include in the solution 
methods for determining when the values of the parameters have 
changed, by how much, and how to adjust the control variables 
when these changes have taken place. This class of problems can be 
called problems of contro/ and is a type of problem which simply 
has not arisen in physical sciences because they are not trying to 
control systems or manipulate them in the sense in which they are 
being manipulated in operations research. 

The control problem, I think, helps to identify a unique area 
and show the requirements for unique methods and tools. It is to 
such problems that the academic institutions involved in operations 
research in the States address themselves. In doing so they are 
accelerating the conversion of a practice into a profession. 


Courses at Case 

In closing, I will give a brief description of what one curriculum 
in operations research looks like in the United States. I thought I 
might indicate very briefly what is currently going at the Case 
Institute in the graduate programme. 

At Case Institute, education in operations research is given only 
at the graduate level. The courses offered are as follows. First, there 
is an inductory course (Methods of Operations Research) which is a 
general survey of the field. This course is a prerequisite to all subse- 
quent work. It is accompanied by a course called ‘Problems in 
Operations Research’ which deals with mathematical exercises in 
the techniques and methods which are discussed in the methods 
course. These courses go together as a pair. In the general area of 
methodology, we have a one-semester course on Scientific Method 
which studies the evolution of science and its methods; it includes a 
discussion of the unique problems and methods which arise in 
operations research and the status of methodological knowledge at 
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present. Also in this general area we are about to offer a course on 
the History of Management Science. This is very important in the 
States where we have so many management sciences. It is very 
important to see what these fields have to contribute and how 
operations research grows out of them into something of a more 
general character. This course tries to do it. 

A fifth general course is called ‘Cost, Utilities, and Value’ and 
it deals with the general class of problems | discussed in connection 
with measures of effectiveness. This course considers the question 
of how to handle a complex set of objectives which are at least 
partially conflicting. After this comes a set of technique-oriented 
courses: Production and Inventory Control, Linear Programming, 
Queueing Theory, Game Theory and Monte Carlo Methods, and 
Sampling Theory. Then there are several ‘tool’ courses. We have a 
two-semester sequence devoted to the use of computers in operations 
research. Then we have a general review of mathematics, from the 
point of view of management systems—this course is called 
‘Mathematics of Management Systems’. There is another course in 
the curriculum, a seminar which has rotating subject matter devoted 
to problems which we feel are not sufficiently developed to merit 
a formal course. Over the last few years, the seminar has been 
devoted to such subjects as Decision Theory, Value Theory, Human 
Engineering, and Organization Theory. Each year the seminar takes 
up some new subject matter. 

These courses are supplemented by courses given in other 
departments, particularly in the Mathematics Department. We have 
the feeling and the hope that a person who comes out of a programme 
like this after a good training in some branch of science or engineering 
is a unique duck with the capacity for solving a class of problems at 
which othess will not be quite so adept. 





ABSTRACTS AND REVIEWS 


Electronic Data-processing in the United States. 
G. H. S. JoRDAN. 
O & M Bulletin, H.M. Treasury, 1956, 11 (5) (6), 12 (1). 

General discussion on U.S. equipment, and its applications in 
Government, Commerce and Industry. Emphasis on difficulties of 
programming for commercial work. 


A Statistical Analysis of One Use of Conveyors in Industry. 
J. JOHNSTON (Manchester University). 
Work Study, 1956 (3), 67-77. Case History. 

Operators stationed at intervals along constant speed conveyor 
carrying ‘untreated’ objects at equidistant intervals. Each operator 
picks up an ‘untreated’ object, performs operation and returns 
‘treated’ object to the conveyor; meanwhile other ‘untreated’ objects 
pass to operators further down. Treatment times varied both 
between and within operators; variation inevitably led to idle 
operator time, proportion increasing along line, and also to pro- 
portion of objects remaining ‘untreated’. Monte Carlo method 
estimated percentage of idle time and of ‘untreated’ objects resulting 
from different line arrangements and operator characteristics. 


Work Study: a Bibliography. 
MANCHESTER PUBLIC LIBRARIES. 
Work Study, 1956 (3), 90-91. 
First section of comprehensive bibliography of books, pamphlets 
and articles. Further sections to follow. 


Danish Post and Telegraph Office. First International Congress on the 
Application of the Theory of Probability in Telephone Engineer- 
ing and Administration, June, 1955. 


Teleteknik (English Edition), 1957, 1 (1), 1-130. 


Fourteen papers and summaries from Congress proceedings. 
Of interest mainly to telephone traffic engineers, though a few papers 
deal with O.R. topics. Buch applies methods of Erlang to machine 
loading problem, and simulation of traffic situations is discussed in 
two papers by Kosten and by Neovius. Interesting historical account 
of application of probability theory to telephone traffic by Wilkinson 
(U.S.A.) and by Kosten (Europe). 
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A Searchlight on Money: Lessons of the Macmillan Committee. 


ANTHONY RUDD. 
Manchester Guardian, 18 April, 1957, p. 8. 

Dominated by Keynes, the committee’s investigation ‘into 
banking, finance and credit’ can be viewed as a forerunner of O.R. 
type of study, particularly in its refusal to accept ‘expert’ evidence 
without question. 


Work Planning by Computers. 
C. M. BERNERS LEE. 
The New Scientist, 1957 (16), 10-11. 
Popular account of use of ‘Pegasus’ for optimum or near 
optimum sequencing of different products through production line, 


where successive process times differ, change-over costs being 
ignored. Reference to ‘queue-scanning’ method for complex cases. 


Six Types of Firm—and the Management Data they Need. 
H. L. BINGHAM. 
Business, 1957, 87 (1), 84-91. 

Interesting attempt to classify Manufacturing Firms based on 
data from 43, according to extent of product range, and sales from 
stock or by contract. Types of market information, forecasts, etc., 
needed for planning by each class. 


Operational Research. (i) New Aid to making Business Decisions. 

(ii) Operational Research in Action. 

P. SPOONER. 
Business, 1957, 87 (4), 69-73; (5), 83-84. 

Accurate readable introduction to O.R. for businessmen, with 
emphasis on current industrial applications. Second part describes 
Courtauld’s O.R. department and its method of tackling problems 
with case histories. 


The Replacement Costs of Fixed Assets in British Manufacturing 
Industry in 1955. 


T. BARNA. 
J. R. Statist. Soc. (A), 1957, 120 (1), 1-47. 

Proposed basis for measuring fixed assets of manufacturing 
industry is replacement cost (new) taken as equivalent to fire insur- 
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ance value. On sample of 90 firms, country total £15,300 million. 
Earlier work of Redfern compared, and relationship established 
between assets per employee and value added per employee. Interest- 
ing notes on levels of co-operation found in different sections of 


industry. 


The Application of a Computer to Refinery Problems. 
B. D. DAGNALL and P. Mayers (Esso Petroleum Co.). 
J. Inst. Petroleum, 1957, 43 (400), 115-123. 


Steepest ascent method described for finding most profitable 
operating level. Brief reference to simulation study of tankage, but 
no details. 


Investment Policy and Index Numbers. 
Haycocks and PLYMEN. 
J. Inst. Actuaries, 1956, 82, Part III (362), 333-390. 


Valuable detailed paper of importance to O.R. operators 
concerned with investment and asset values. Covers: share values, 
uses developed for price index numbers and yields, construction of 
index numbers of security process, limits of forecasting and compari- 
son of well-known Indexes. 


Computing Facilities in Great Britain. 
J. H. WILKINSON. 
J. Inst. Petroleum, 1957, 43 (400), 101-107. 
Useful specification data of nine U.K. Computers. 


Comparative Statistics in Linear Programming and the Giffen 
Paradox. 


M. J. BECKMAN. 

A Generalised Comparative Statics in Linear Programming. 
M. J. BAILEY. 

Rev. Economic Studies, 1956, 23 (3), 232-240. 


Response of optimal activities to changes in prices and in elements 
of co-efficient matrix. Inequalities are derived using concept 
of ‘efficiency prices’. 
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On Machine Interference. 
P. Naor (Israel Institute of Technology). 
J. R. Statist. Soc. (B), 1956, 18 (2), 280-287. 


Machine interference problem where several repairmen have 
charge of a set of machines. Explicit probability distribution function 
describing the various states of the system is derived, and formulae 
evaluating diminished productivity and related quantities given in 
terms of tabulated Poisson functions. Previous work reviewed. 


Written in a Queue. 
H. F. EL.is. 
Punch, 1957, 232 (6083), 407-408. 


Schematic account of genesis and development of O.R. in war- 
time phase and subsequent integration into peacetime fields. 
Emphasis placed on problems of PSV operation in context of 
environmental factors. Wide spectrum of current methodological 
techniques elaborated with reference to dynamic instability. Mr. 
Ellis appears as a new worker in the field. (Possibly a student of 
Dr. Strabismus—ed.) 


The foregoing abstracts are provided by ORbit (Operational 
Research) Ltd., Empire House, St. Martin’s-le-Grand, London, E.C.1. 


A Survey of the Use of Tractor Governor Controls by Farm Operators. 
Mansy, T. C. D., and SLaTer, J. K. W. 
J. agric. Engng Res., 1956, 1 \2), 121. 

The objective of the survey was to study the way in which 
tractors are operated, so that the British Standard test procedure 
could, if necessary, be reviewed, international agreement be formu- 
lated on a sound practical basis, and the requisite information be 
provided for the tractor designer. Samples were selected at random 
from different soil and farming types but with tractors having 
+: 4 forward gears. The most important task was to find the position- 
ing of the control lever for various operations in relation to the gears 
used. The drivers were asked to demonstrate the setting and the 
engine speed was then measured at no-load. It was found that only 
15 per cent of the operators of wheeled tractors work with the 
governor control in the fully-open position. 
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Zweckmassige Gestaltung des Schlepperfuhrerstandes (Suitable 
design and grouping of tractor controls). 

Dupuis, H., PREUSCHEN, R., and SCHULTE, B. 

Landarb. u. Tech., 1955, 20. 

The investigation was carried out with tractors and implement 
carriers on the following: energy consumption of drivers when 
carrying out various operations with different types of tractor; 
frequency of steering and of using the principal controls during 
typical agricultural operations; forces required for steering and for 
operating foot and hand levers; range of vision from the tractor seat; 
optimum design and position of the seat and of the various controls; 
and means of protecting the driver. The method of instrumentation 
is described for each study, and in conclusion data are given for the 
most suitable design and arrangements for controls. From compara- 
tive tests with a production model of a tractor and one having 
improved controls, it is evident that, with the latter, the energy 
consumption of tractor drivers may be reduced by ~25 per cent. 
The operator should also be protected from the sun, wind, rain, 
draught and cold by light and easily fitted cabs which must not 
inhibit his vision and should be so constructed that relevant com- 
ponents can be removed individually according to weather conditions. 


Pilot Survey of the Mechanical Conditions and Fuel Consumption 
of Agricultural Tractors. 

SLATER, J. K. W., and Mansy, T. C. D. 

J. agric. Sci., 1955, 45 (3), 264. 

A pilot survey was designed to provide information on the 
mechanical conditions and fuel consumption of vaporizing oil 
tractors. on their operation in the field and on the technique required 
to obtain such data. For this purpose two areas were selected which 
offered a contrast in soil and farming types and, after grouping the 
farms according to the number of tractors, a random selection was 
made for sampling. The method of collecting information was based 
on four visits made to each farm, two involving the completion of 
prepared questionnaires, one a belt test, and one the recording of 
certain data while the tractor was performing a normal farm opera- 
tion. In addition, automatic fuel meters and vacuum Servis recorders 
were attached to tractors during the period of spring work. The 
relationship between fuel consumption and mechanical condition, the 
time taken for turning at the headland and other factors were also 
assessed. It is shown that the possibility of saving fuel by using a 
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higher gear and a lower engine speed is rather doubtful. Some 
criticism is made of the technique and equipment employed in 
obtaining the data, and suggestions are made for improvements. 


En undersoknung over traktordrift pa mindre gardar (A study on 
tractor work on small farms). 


BERGLUND, N., and KARLSON, B. 
Medd. jordbrukstek. Inst., Uppsala, 260. 


The study represents the evaluation of fuel consumption time 
and operational records submitted by 25 Swedish farmers. Compared 
with other models the average fuel consumption of diesel tractors 
over a period of two years was low, ranging from 1-25 to 1-89 I/hr. 
for small and medium-sized models, and from 2-09 to 3-65 a/hr. for 
larger ones. In general, it was found that the use of tractors enables 
the small farmer to devote more time to the care of livestock, ditch- 
ing, stone picking and other maintenance work. Moreover, labour is 
saved, heavy work facilitated and better working conditions created, 
thus encouraging members of the family to remain in farming. 


Revue de Recherche Opérationelle 


This new journal published by “SOFRO” in France contains in 
its first issue an excellent comprehensive series of papers. 


G. TH. GUILBAUD. Pour une Etude de la Recherche Opérationelle. 
Philosophical assessment of the history and nature of O.R. 


KLEINMANN, MAISKIEVICZ and ZIMMERN. Méthode de Détermina- 
tion des Series économiques de Fabrication. A study of the determina- 
tion of optimum production run-lengths for batches of different 
products competing for the same production facility. Sales are 
taken to be uniform and determinate, and production changeover 
costs to be independent of the way in which the products are 
sequenced. A variant of the well-known square root formula is 
derived, and criteria set up for deciding the range of its applica- 
bility. 

The paper gives a very useful breakdown of the component 
costs which enter the run-length problem, and classifies them in 
terms of their dependence or otherwise upon run-length. 


J-M. FAVERGE. La Détermination Préalable du Plan d’Action en 
sélection professionelle. Application of the Normal Distribution to 
personnel selection. 
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M. Boiteux. Les Choix des Equipements de Production d’Energie 
électrique. A general review of the factors influencing the choice 
between hydraulic and thermal methods in the production of 
electrical energy, with a brief notice of atomic methods. 


Though, of course, in its native French, this journal is of great 
interest and easily read. 


Analog Computer Techniques. 
C. L. JOHNSON. 
McGraw-Hill Book Co., 1956. 45s. 


Electronic Analog Computers (Second Edition). 
G. A. and T. M. Korn. 
McGraw-Hill Book Co., 1956. 56s. 6d. 


There is surely a place on the O.R. bookshelf for an exhaustive 
survey of the whole range of methods whereby mathematical 
procedures can be simulated by electronic analogues. There are 
many O.R. situations in which these techniques might help: those 
involving repeated ad hoc calculations of a particular formula, those 
requiring iterative solutions of equations, those calling for continual 
evaluation by the Monte Carlo approach. The O.R. man might gain 


much from the study of such a book, and might then engage in 
fruitful collaboration with his colleague the electronic engineer. The 
idea is recommended to anyone who has not yet paid much attention 
to the possibilities of analogue components, and so are these books. 
The main difficulty for your reviewer is to find the terms in 
which to distinguish between these two publications, for he cannot 
honestly propose that an O.R. man should own both. They are 
issued by the same publisher in the same year, and cover the same 
ground. Each reviews all the major analogue components and their 
main applications, with the aid of clear block schematic diagrams. 
Each discusses (for example) time and amplitude scale factors, 
servomechanism systems, the handling of non-linear phenomena, 
multiplication and function generators. Each contains tables of 
amplifier circuits for the generation of complex transfer functions. 
There is, in short, no detectable difference in the basic scope of the 
two books, both of which are written in clear undistinguished 

technical prose. 
For the reader who wishes to read straight through a systematic 
treatise on this subject, Johnson might be preferred. The logical 
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layout and typography are good, the story unfolds most coherently, 
and this book ts half the length of the other. The reader who is 
looking for a reference work, however, in which he can consult 
specific points, might do better with Korn. Actual examples pro- 
liferate in Korn, although this attraction is mitigated for O.R. in the 
fact that many of them come from aircraft design studies. For 
*referente purposes, Korn has a better index than Johnson, and the 
added feature of a ten-page bibliography. 

Yet similarities rather than differences create the main impres- 
sion. Looking at the sections which might be of interest to O.R. 
mathematicians, we find Korn discussing eigenvalue problems, 
partial differentials and the method of separation of variables, and 
difference equations. Johnson does exactly the same thing (ina 
different order), although he takes space to discuss the limitations of 
analogues in this area, while Korn weighs in with a practical example 
of a computer to handle a problem in heat-conduction. Both authors 
then proceed to discuss the replacement of partial derivatives by 
finite differences in vibration studies. 

The one point of direct O.R. interest in the two books is Korn’s 
treatment of an analogue computer to solve a linear programme. 
Unfortunately, it is all over in three pages, and does not go into much 
detail. A notional minimizing L.P. is outlined, in which the problem 
variables are represented by voltages. The non-negativity constraints 
are made to satisfy differential equations such that the functional 
converges to a minimum with increasing time. 

A dynamical analogy of this set-up is given in which the solution 
space is represented as a viscous medium. A particle is considered 
as moving in the direction of the negative gradient vector until it 
hits a boundary of the convex polyhedron. A new force is then 
exerted at right-angles to that boundary. 

As a result, the particle apparently “bounces” down the 
boundary lines of the polyhedron until it reaches the vertex of lowest 
potential energy. (This appears to simulate the Simplex method.) 
The analogue of degeneracy is evidently found when a barrier lies at 
right-angles to the direction of the particle. It is claimed that the 
computer solved this sample problem in a few seconds with better 
than.0-3 per cent accuracy, and that the answer can be read off a 
voltmeter. The values of slack variables can also be read directly. 

There is clearly plenty of scope for the use of analogues in O.R. 
work, and one day there may be a book devoted to such applications. 
In the meantime, the O.R. man may expect to be stimulated by the 


choice of either of these works. 
S. B. 
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OPERATIONAL RESEARCH QUARTERLY 


VOL. 8 NO. 3 SEPTEMBER 1957 


DYNAMIC INSTABILITY OF 
TRANSPORT SYSTEMS 


THE Operational Research Society held an open meeting to which 
members of the Institute of Transport had been invited, in London, 
on 18 March. The chair was taken by Professor P. M. S. BLACKETT, 
F.R.S. (University of London). 


THE HYDRODYNAMIC ANALOGY 
by 
M. J. LIGHTHILL, F.R.S.* 


I am not sure how to talk about dynamic instability in transport; 
that is, what kind of remarks can usefully be made about it. I agree 
with Professor Blackett that we all know what it is, but the question 
is, can the scientific method be applied to it? I propose to discuss a 
possible line of approach to this subject. This line of approach will 
not actually get there, I am afraid it will be only a possible way of 
beginning to look at subjects of this kind. 

The most obvious line of approach is by statistical methods, and 
very likely this is the right line of approach; but, since I am not sure 
that any line of approach has as yet got there, it may be worth look- 
ing at another possible approach, which is suggested by physics. 

The remarks which I am making are reaching you by a compli- 
cated process by which a molecule near my mouth is hitting another, 
and that one hitting yet another, and so on. This is a very elaborate 
process involving an extremely large number of individual collisions 
of molecules before the signal reaches you. If we want to analyse 
sound waves in physics we do not, on the whole, use a statistical 
approach to work out their properties; instead, we simplify the 
behaviour of air for theoretical purposes and regard it as if it were a 
continuous medium with a certain bulk property connected with the 
relations between pressure and density in an adiabatic process, its 
bulk property being in fact deduced once for all by statistical methods ; 





* University of Manchester. 
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but, apart from that one bulk property, we do not consider any 
further statistical aspects of the molecules. We then write down 
certain simple equations of motion, and in a few lines we deduce a 
value for the velocity of sound, which turns out to be about eight 
tenths of the mean speed of the molecules as they dash about in 
the air. 

It is conceivable that some approach of this kind may be the 
right one from which to look at some transport problems, though 
which ones I do not know. It may be right, for example, in places 
where very large numbers of vehicles are involved, as on one of the 
great American highways, or it may be the right way to tackle 
problems of pedestrians going through passages on the Underground. 
It is important to decide from what point of view we should look at 
these problems, and whether or not, for example, we should decide 
to represent these pedestrians as a continuous fluid, as we do with a 
gas in physics. 


Q 


K 
KJ 








FiGure 1. 


A first approach to this problem of representing transport 
phenomena as continuous medium phenomena was made by 
Dr. G. B. Whitham and myself in a paper which we published in 
Proceedings of the Royal Society two years ago (229, 317-345). I 
can indicate only briefly what our method was. It was based on the 
observation that in some transport processes there is a fairly definite 
variation of mean velocity with concentration. By “‘concentration” 
I mean the number of vehicles per mile, or the number of vehicles in 
a given distance. 

We prefer to work not so much with the mean velocity v and 
the concentration k, but rather with the flow, g, which is the number 
of vehicles per hour passing a point, which is obtained by multiplying 
v and k. We drew curves of flow against concentration which are 
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roughly of the type shown in Figure |. When there is zero concentra- 
tion there is zero flow. With most systems there is another value of 
concentration, rather a high one, for which again we get back to zero 
flow, which we call kj (j for jam). In between there is some sort of 
concentration at which there is a maximum flow. 

An excellent way of measuring flow and concentration in the 
transport process is to move along at the side of the flow at a constant 
velocity u. This may be done by cycling along a cycle track by the 
side of the road, counting the number of vehicles that pass you and 
subtracting the number that you pass. If g is the flow and k the 
concentration, this “net”? number of vehicles which pass you is 
q—uk, if u is the velocity at which you are travelling. From this 
argument we can get the wave velocity. If there is some slight change 
of flow, and some slight change of concentration occurs, and if there 
are two cyclists moving along, always at a fixed rate, so that there is 
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always the same distance between them, then the flow and the 
concentration measured by one cyclist will not necessarily be the 
same as the flow and the concentration measured by the other cyclist. 
It is possible, however, that the value of g—wk will be the same for 
the two. This would mean that the number of vehicles between them 
on the average was not altering, because the number of vehicles 
which passed each cyclist was the same. 

If q, and k, are the values measured by one cyclist, and g, and k, 
are the values measured by the second cyclist, the velocity has to be 
equal to the difference of the q’s divided by the difference of the k’s, 
so that 
qo—- 41 
k,—k, 


“= 





Taking, in Figure 2, the curve which I drew before, the point A 
represents the values measured by one cyclist and B those measured 
by the other; the velocity is the slope of the line joining those two 
points. 

If there is a relationship between flow and concentration of this 
kind, so that as the concentration rises the velocity drops off, the 
velocity of waves which carry small changes of flow is the slope of 
the tangent to the curve (Figure 3). When there are waves, the first 
thing that we notice is that the wave velocity is less than the velocity 
of the individual particle, which is q/k, the mean speed of which I 
spoke. The fact that the velocity of the waves is less means that the 
waves necessarily pass backwards through the stream of vehicles. 
‘When a driver adjusts his speed, because of the behaviour of the 
vehicles in front of him, for example on observing a brake light, or 
an opportunity to overtake, he feels, as it were, one of these waves 
go through him. 
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FIGURE 3. 


We can develop this by mathematics, taking into account the 
relationship between flow and concentration along the road; the 
flow level which it is possible to attain may be much less in a narrow 
part of the road, and so on. It is possible to treat a number of 
individual topics in this way. 

For example, we can investigate the behaviour of a traffic hump, 
where we have a flow going along a road and then in some stretch 
of the road there is an unusually large number of vehicles, because 
for a certain length of time the rate at which the vehicles have been 
fed into the road has been greater than the normal rate. To treat this 
we observe that when the flow rate increases the wave speed falls off. 
As a result, provided the hump is short-lived and behind it there is 
a normal flow, the waves behind the hump will catch up the slower 
waves in the hump. They run into one another and form discon- 
tinuous waves. Many small waves run together and make a big wave, 
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which is what we call a shock-wave, because this is exactly what 
happens in aerodynamics; sound waves run together and make a 
shock-wave, like a supersonic bang. These shock-waves are what we 
experience when, going along normally, we come suddenly to a 
hold-up and have to reduce our speed a good deal. When we come 
out of the hump, our speed increases, very gradually. 

We can work out what happens to a hump when it enters a 
bottleneck, where the actual capacity of the road is too little to let 
the increased flow through. We find that again the waves run 
together inside the bottleneck and run out backwards in the form of 
a shock-wave, producing a slow, crawling flow at the back of the 
bottleneck. In physics, this is analogous to what happens in the 
Laval nozzle of a steam turbine. 

We can also discuss problems involving flow at controlled 
junctions and show that, where there are traffic lights, when the light 
goes red it sends a shock-wave back through the oncoming flow, 
and when the light goes green it sends out a fan of continuous waves, 
which can be called expansion waves, because they involve a lower- 
ing of the density of traffic. Some of these waves go forward, carrying 
the liberated traffic ahead of the traffic lights, and some go backward, 
giving the signal to start. One wave remains at the traffic lights with 
velocity = 0. Since the velocity is the slope of the flow-concentration 
curve, this gives the interesting result that if there is a long line of 
vehicles stopped at the lights, the actual flow of traffic across the 


lights after it has started has a value equal-to the maximum possible 
flow for that section of road, which is an encouraging point in favour 
of such a method of control. 

I now have four minutes left in which to suggest what the 
application of this may be to dynamic instability in transport. The 
fundamental equation of motion, 


ck aq 

~*~ a . 
is that which governs the flow, k, and the concentration, g. This is 
known in hydrodynamics as the equation of continuity. It means 
that no vehicles suddenly go up in smoke or are being actually 
manufactured on the road. We have to solve this equation together 
with the relationship between flow and concentration, g = g(k). 

To treat dynamic instability the following two additional points 
have to be taken into account. First, a given driver is always looking 
ahead; he sees these shock-waves coming towards him and that the 
vehicles in front of him are having to stop, and accordingly he very 
often adjusts his speed to a concentration which is a little ahead of 
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him. The effect of that is to introduce an additional term, 


D — 
ex? 

Secondly, no driver can react instantaneously; he has a certain 
inertia and takes time to accelerate or slow down his car. That 
introduces another term, 

cq 


—, 
cs 


That makes the theory more complicated, out we have an 
analogy. These equations of motion are very similar to those in 
ordinary hydrodynamics. The equation which we have without 
the additional terms is the equation which represents the motion of 
flood waves down a river, due to the balance of the gravitational 
force pulling the water down to the sea and the frictional force of the 
bed. An equation very similar to the full one (with the additional 
terms) applies to a rather more complicated situation in which 
account is taken of the inertia of the water and there is taken into 
account rather more carefully the balance of the forces involved. 


ie 


FIGURE 4. 


This full equation has been studied for a long time by hydraulic 
engineers, and there is one type of solution to it which seems to me 
to be very significant from the point of view of dynamic instability in 
transport. If we take a steep conduit going down a hill with water 
running down it we often get roll waves. This is a phenomenon in 
which the water does not just run down the hill at a constant depth; 
it runs down with a remarkably non-constant depth, with a profile 
of the kind seen in Figure 4. These waves go downhill at a certain 
speed, which is not quite the same as that of the water. They are 
known as “roll waves’. We have examined them in relation to an 
equation of the type I have described, and consider that there may 
be an analogy between them and the phenomena which we find 
when lorries go in convoy and each individual lorry has to go always 
at about twice its mean speed or a quarter its mean speed. 
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TRAFFIC FLOW 
by 
R. J. SMEED* 


THE subject of this Symposium, Dynamic Instability in Transport, 
is an important one, but the title may not accurately describe it. 
This may be illustrated by considering the motion of a vehicle 
when the brakes of the wheels on one axle are put on so hard that 
the wheels on the axle stop rolling and commence to slide. The 
nature of the subsequent motion of the vehicle is dependent on 
whether the front or rear wheels slide. If the front wheels slide, 
the motion will continue as before, except that the vehicle will 
gradually come to rest; if the rear wheels slide, the vehicle slows 
down and continues to move in its former direction, but the vehicle 
turns round and carries out this motion facing backwards. This is 
an example of dynamic instability in transport but not of dynamic 
instability in traffic flow. In this paper a number of cases of motion 
are considered in which, under some conditions, traffic flows 
steadily, but then for some reason flows unsteadily or does not 
flow at all. Whether all these topics come within the definition of 
dynamic instability in traffic flow is perhaps open to question, but 
they all come very near to it and they can usefully be discussed 
together. 


Road Traffic at an Intersection controlled by Fixed-cycle 
Traffic Lights 


One arm of a simple road junction controlled by fixed-cycle 
traffic lights will first be considered. The inclusion of all arms of 
the intersection or consideration of the case of vehicle-actuated 
traffic lights would complicate the issue but would not alter the 
problem in any fundamental way. Figure | gives the delay experi- 
enced at one arm of such an intersection when different amounts 
of traffic try to enter the intersection. In the example considered, 
not more than 1800 vehicles per hour can pass through the arm 
of the intersection per hour of green time. The lights are effectively 
green on that arm for 40 per cent of the time so that not more than 
720 vehicles can pass through the a~m of the intersection per hour. 
Results are given for two cases: 


(1) when the vehicles arrive at equal intervals, 
(2) when the vehicles arrive at random. 





* Deputy Director (Traffic and Safety), Road Research Laboratory, 
Department of Scientific and Industrial Research. 
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The average delay per vehicle increases as the flow increases 
from 0 to 720 vehicles per hour. Beyond that flow, more vehicles 
arrive than can get through the intersection and an increasing queue 
builds up. In most practical cases vehicles arrive approximately at 
random and the delay is that given in the upper curve. In the random 
arrival case, delays increase rapidly as the flow approaches the 
limiting flow, the standard deviation of the flow increasing even 
faster than the mean. The correlation coefficients between the delays 
to vehicles arriving in successive cycles were estimated to be 0-18, 
0:26, 0-34, 0-60, 0-77 and 0-96 when random traffic was simulated 
on an electronic calculating machine, the vehicle flows being 200, 
400, 500, 600, 650 and 700 vehicles per hour. Thus the correlation 
between the delays experienced by successive vehicles arriving at the 
intersection is low for small traffic flows but increases rapidly as 
the flow increases. 

The above results, illustrating the way in which delay varies 
with the amount of traffic as more and more vehicles attempt to 
pass through the intersection, have been obtained entirely by calcula- 
tion. Measurements of delays indicate that these calculations are 
adequate when the traffic attempting to pass through the inter- 
section is less than the capacity of the intersection. The case in 
which the number of vehicles wishing to pass through. the inter- 
section is greater than the capacity will now be considered. It is 
clear that in this case a queue must build up and will go on increasing 
in length throughout the period in which the number of vehicles 
trying to get through the intersection is greater than the capacity. 


Capacity of Road Insufficient for Traffic wishing to use it 
The case when the number of vehicles wishing to use a road 
is greater than the capacity will be dealt with by considering two 
examples. First, Figure 2 gives the traffic flow through the western 
arm of the Euston Road/Tottenham Court Road intersection at 
various times over the last few years. It will be seen that the traffic 
flow during the busy hours of the day remained constant from 1948 
to 1953, although the traffic flow at neighbouring points was increas- 
ing. However, at the beginning of 1954 the road was widened and 
there was an immediate increase in the flow through the intersection. 
Later, in 1954, the signals were re-timed in an attempt to make the 
road safer for pedestriens, and the time allowed for vehicles to 
leave this arm of the intersection was shortened; there was an 
immediate decrease in traffic flow through the intersection. Thus, 
it appears that traffic at this intersection adjusts itself so that the 
amount of traffic getting through is just about equal to the capacity 
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of the intersection. Other vehicles would prefer to use the inter- 
section if the delay were less, but do not; the delays imposed are 
thus a stabilizing factor in controlling the amount of traffic. This 
phenomenon is probably general in the busier parts of towns and 
must be closely related to the fact that traffic is increasing at a 
much faster rate in rural areas than in towns. Since 1935, traffic has 
increased by 12 per cent at Piccadilly Circus, London, by 8 per cent 
at the Euston Road/Tottenham Court Road intersection, and by 
105 per cent in Great Britain as a whole. 
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Ficure 2. Flow of traffic through a fully loaded intersection. 








Thus, under some conditions, traffic avoids the difficulty of a 
particular road being fully loaded by some drivers deciding not to 
use that particular road. They use an alternative route if there is 


one, or do not travel by road at all. 
Figure 3 shows another way in which traffic overcomes the 


difficulty. It gives some details of eastbound holiday traffic approach- 
ing the Rochester Bridge on a Saturday in August, 1952. In these 


118 





8 
E 
~d 
iw 
=] 
iw 
ae} 
Oo 
ta 
O 
x 
re] 
pA 
2 


iN) 


° 
@ 


9 
b 


circumstances, very long queues, in this case 1-3 miles long, develop 
and many vehicles take over an hour to travel 24 miles. Under 
conditions of everyday town traffic the traffic often adjusts itself to 
the capacity of the road, but under holiday traffic conditions vehicles 
often wait for long periods. Eventually the number of arrivals at 
the section of road under consideration becomes less than the 
capacity and the queues begin to die down. 
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FiGcure 3. Holiday Traffic through a bottleneck. 


An Exampie of the Sudden Overloading of an Intersection 


Figure 1 shows that even before an intersection is overloaded, 
the delavs there sometimes reach high values. The standard devia- 
tion uf delays also reaches a high level, and one finds that, although 
sometimes one gets through fairly quickly, at other times the delays 
are very great. These fluctuations in delay are primarily due to 
random fluctuations in the numbers of vehicles arriving at the 
intersection. A related question can be dealt with fairly simply. 
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Figure 1 shows the case in which the total number of vehicles that 
can pass through the intersection per hour is 720, i.e. 12 vehicles 
can get through the intersection per minute. What happens if a 
vehicle parks in the neighbourhood of the intersection? Suppose, 
for example, a vehicle parks about 15 ft from the intersection. 
Under these conditions the number of vehicles that can get through 
the intersection is reduced; measurements have shown that it is 
reduced by about one-third, i.e. only 8 vehicles per minute can pass 
through. Suppose 114 vehicles per minute are trying to get through. 
Clearly a queue will build up and the size of the queue will lengthen 
at the rate of about 34 vehicles per minute. If the parked vehicle 
stays 20 minutes it will have caused a queue of 70 vehicles. The 
parked vehicle then leaves and the intersection starts to clear. It 
will clear at a rate of about.4 a vehicle per minute, since 114 vehicles 
are arriving and 12 can leave, and the queue will thus take 140 
minutes to clear. The cause of the long queue will certainly not be 
obvious to anyone arriving on the scene after the parked vehicle 
has gone. Many of the intersections in towns are in this critical 
condition when a small disturbance can cause very long delays. 


Traffic Jams 

The cases considered so far have been ones in which difficulties 
occur because too many vehicles try to get through a limited 
amount of space, but in which some vehicles do get through. This, 
however, does not always happen, and the jamming of roundabouts 
is quite a well-known phenomenon. This is often due, not to too 
many vehicles attempting to use the roundabout, but to the unfor- 
tunate behaviour of those who do use it. Observation of traffic at 
the Ace of Spades roundabout on the Portsmouth Road is shown in 
Plate 1. Very long queues sometimes develop at this roundabout, 
and sometimes nobody gets through (Plate I(a)). If drivers were 
more considerate to one another the jamming need not occur, and 
it would help in some cases if vehicles already on the roundabout 
had priority over vehicles entering (Plate 1(b)). Vehicles parking 
close to the exit side of the roundabout contribute materially to 
the congestion (Plate I(c)). 

Another factor that sometimes causes difficulties to vehicles 
leaving the roundabout, and which consequently sometimes leads 
to jamming, is the existence of a pedestrian crossing across the exit 
of the roundabout. The jam is often relieved by the arrival of a 
policeman to control the traffic (Plate 1(d)). 

A similar situation sometimes occurs at traffic lights, especially 
when, for some reason, a queue has developed on the exit side of 
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one arm of the traffic light. Similar examples of jammings can occur 
with pedestrians and a good example is the very serious accident 
which occurred at Bethnal Green Tube Station on 3 March, 1943. 
This station was regularly used as a shelter against air-raids during 
the last war. Very large numbers of people had previously used it 
and no trouble had occurred. Berlin was bombed on | March and 
the people in Bethnal Green were expecting a raid on London in 
retaliation. An alert was sounded at 8.17 p.m. and 1,500 people 
entered the shelter in the next 10 minutes. At 8.27 a salvo of rockets 
was discharged from a battery about one-third of a mile away. 
This caused some alarm and many of the people thought that the 
German aircraft had arrived and a crowd surged towards the 
entrance of the shelter. A woman near the bottom of the stairs 
inside the shelter fell down, and, as a result, or simultaneously, 
a man on her left also fell. So great was the force from behind that 
those impeded by the fallen people were forced down on top of 
them. In a matter of seconds there was built up an immovable and 
interlaced mass of bodies against which the people above on the 
stairs continued to be forced from the pressure above and behind; 
173 people were killed and 62 injured. We thus see that in these 
three cases—the roundabout, the traffic lights and pedestrian 
passage—there was limited room available but nobody got through 
because of some unfortunate behaviour. 

A similar phenomenon, not involving human beings, also occurs. 
Rivers are sometimes used to transport logs down to the sea. Plate 2 
shows a log jam on the Eagle River in Quebec. One or two logs 
sometimes get jammed in awkward positions. The jam spreads and 
this holds up all the logs behind. They continue to be held up until 
the logs causing the trouble are located and moved. 
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A SHIPPING PROBLEM 
by 
H. G. JoNneEs* 


The speaker outlined a case containing all the elements of 
dynamic instability which has been encountered in the shipping of 
iron ore into the wharf operated at Port Talbot by the Steel 
Company of Wales Limited. The work described forms part of an 
investigation being undertaken jointly by the Company and the 





* Steel Company of Wales Ltd. 
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British Transport Commission into the factors influencing the turn- 
round of shipping. 

The wharf is located on a British Transport Commission dock 
entered through a lock from the Bristol Channel. Owing to the 
location there is a considerable tidal variation between high and 
low tide which can amount to 36 ft. In addition to the effect of 
Spring tides, the high tide itself can vary, in extreme cases encountered 
only in March and September, between 24 ft and 38 ft. A number of 
the ships using the port require more than 24 ft of water to enter; 
there is thus imposed a peculiar filter on the input conditions. 

An elementary way of approaching this problem is to examine 
the cumulative frequency for 12 months of the predicted high-water 
level; this is shown in Figure 1(a). It is comparatively easy to read off 
from this graph the probability of there being sufficient water for any 
given ship to enter the port. Moreover, when used against the number 
of ships visiting the wharf in, say, 1954, the distribution of which is 
shown on Figure 1(b), it is easy to estimate the number of occasions 
on which these ships could not enter the port owing to lack of water. 

During 1954 the Company imported rather less than one million 
tons of ore and there was no real problem due to queueing. 

In, shall we say, 1960, the Company proposes to import 34 
million tons of foreign ore. One needs then to look further into the 
question of queueing by a more detailed approach. 

By means of a Monte Carlo synthesis of the shipping which is 
expected to be received in, say, 1960, it is possible to estimate the 
conditions of the queue both when the ship arrives off the port and 
when it proceeds to the berth for discharging. The net effect of the 
system can best be estimated from the turn-round time of the ships 
defined here as “‘time of arrival off the port to time the discharge is 
complete”. By making use of the known rates of unloading for 
different types of ships (with suitable variation), a realistic picture 
of events which are likely to be encountered in 1960 can be built up. 
From this it is possible to estimate quantitatively the turn-round 
time of ships which will be experienced both with the present 
channel and also to estimate the beneficial effects which are likely 
to be obtained with various amounts of dredging. 

In the same way, it is possible to estimate the effect on the turn- 
round time of the better planning of ship arrivals and possibly the 
light loading of particular ships to ensure that they entered the port 
without neaping. 

While the problem contains all the elements of dynamic 
instability, fortunately conditions are not such that the “‘crawl’’ of 
Professor Lighthill’s paper develops. 
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INSTABILITY IN SOME FLOW SYSTEMS OF CIVIL AVIATION 
by 
P. G. REICH* 


The theory of queueing shows that many important measures of 
congestion (e.g., mean waiting time, probability of a given queue 
length, etc.) may be found from experimental measurements of: 


(i) the number of co-operative channels accommodating the 
flow, 
(ii) the arrival rate of the units passing through the system, and 


(iii) the mean service time per unit and the distribution of 
individual service times about that mean. 


Usually it is assumed that (i), (11) and (iii) do not interact. For 
example, experimental measurements of the service times are made 
at an arbitrary arrival rate and are used to predict degrees of conges- 
tion at other arrival rates or with a different number of channels. 
With v arrivals per unit time, a mean service time 7 and k co-opera- 
tive channels we know that, in the absence of interaction and 
provided nT <k, the effect of a small perturbation of the system will 
be reversible. 

The flow systems which feed an aircraft parked on an airport 
apron are mainly free from the interaction mentioned above and the 
classical equations of Erlang have been successfully applied to the 
flow of passengers through Customs and Immigration formalities, 
the flow of service vehicles to the aircraft, etc.; such instability as 
occurs is easily predictable as simple overloading. By contrast we 
can take the problem met in designing a transit shed for airport 
freight as an example of interaction. In such a transit shed, a fast 
and more or less continuous stream of packages is taken in at one 
end; each package is processed (weighed, marked and systematically 
stowed) and is then passed out at the other end. Our problem was 
to determine the size of shed required to handle a given number of 
packages per unit time. At low values of m, relative to the shed 
capacity, the probability, p,,, of m packages being in the shed is given 
approximately by: 


cas e7A/e (1) 


55 m! 


(Where A and p are respectively the parameters for a Poisson arrival 
function and exponentially distributed service time.) 





* Ministry of Transport and Civil Aviation. 
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The model of a transit shed associated with equation 1, which 
will be recognized as an analogue of Erlang’s telephone exchange 
with infinite number of lines, is tractable but quite inadequate since 
in reality the service time per package is highly dependent on the 
number of packages stowed and hence on the arrival rate. Thus a 
useful model must take into account the fact that at higher values of 
m the system is unstable in the sense that a small perturbation can 
increase m, causing the mean service time to rise which in turn 
causes mm to rise still further, and so on. It will be remembered that 
equation | is a particular steady-state solution of the following set 
of “‘birth and death” equations: 


aa —(A,, + Hy) P(t) + din—1 m—t) + Mma Pmorlt) 


“a = —ApPo(t)+ py P,(t) 


Assuming 4,, = A for all m in the case of our transit shed, a more 
general steady-state solution is: 
1>m 
™ L(A) + (A/a a) + + (AP / Ha Ma Meo) 


To derive equation 1 we put y,, = mp for all m and here lies our 
chief departure from reality. It will be noted that a sensible value of 
Pm exists for all possible values of A/u in equation 1. This is no 
longer the case when service times becomes dependent on m as, for 
example, when p,, remains constant (= u,, say) for all m. We 
would then have: 





Pm = (A/Ha)™ [1-(A/Ha)] (3) 


[The condition of constant yu,, would apply approximately in 
an inefficiently run transit shed where most of the service time was 
spent in identification of packages in storage and where the system 
of search involved random selection of single packages with replace- 
ment until the right one turned up.] 

We have not met examples, in civil aviation, of interaction 
between arrival rate and number of channels, nor between service 
times and number of channels, though an example of the former 
might easily have arisen in our customs examination halls, had the 
conveyor belts which carry passenger’s baggage (and form a set of 
co-operative channels) shown mechanical breakdown characteristics 
dependent on their loading and hence, of course, on the arrival rate. 
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It is, perhaps, worth looking more closely at the interaction 
between mean service time, 7, and the arrival rate, n, for several 
flow systems. Figure | consists of the horizontal line which forms 
the basis of much of Erlang’s work but which applies, strictly, to 
very few of the systems we have studied. A curve of the type shown 
in Figure 2 emerges from measurements recently reported by 
Conrad! after an investigation of switching times in (of all places) a 
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Ficures | to 4. Jnteractions between mean service time and arrival rate. 


telephone exchange. The curve of Figure 3 applied in the case of 
our transit shed and is also met, under certain conditions, on air 
traffic control communication channels. 

The final example, Figure 4, was found in a performance study 
of operators of Exchange Telegraph equipment at London Airport, 
and is characterized by a flat mimimum. An Exchange Telegraph 
keyboard is awkward to manipulate as one symbol key must not be 
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depressed too soon after another if overprinting errors are to be 
avoided. The full-line curve shows the establishment of a nice rhythm, 
as the traffic increases; the dotted line shows the tendency, at high 
arrival rates, for some operators to attempt to work too quickly and 
hence to have a greater mean time to print a symbol correctly. 
Types 3 and 4 are of interest in the present context, though one 
wonders how many workers have made erroneous predictions of 
future overloading from experimental measurements made on the 
decreasing portions of curves 2 and 4! 

Before discussing aircraft in flight it is worth mentioning three 
aspects of civil flight. First, an aircraft in flight monopolizes a huge 
volume of surrounding space for reasons of safety; with a traffic 
situation in which a surface vehicle would stop dead, an aircraft 
would have to fly on a cumbersome holding pattern. Secondly, the 
forward speed of an aircraft can be taken as invariable so far as a 
systematic means of control is concerned yet sufficiently variable to 
require frequent position reporting. Finally at some stage of the 
final approach an aircraft is irrevocably committed to land and 
cannot overshoot. 

Most civil flights over the U.K. are made along corridors 
10 miles wide and of prescribed heights, known as airways. Typically, 
aircraft bound for a U.K. aerodrome are taken over at a distance of 
about 100 miles from destination by an en-route controller who has 
available a set of fixed altitudes spaced 1,000 ft apart. His job is to 
see that aircraft moving along, or crossing, the airway are either 
safely separated horizontally when at the same altitude or separated 
vertically by at least 1,000 ft and he works to two distinct sets of 
separation standards according to whether or not he has radar in 
use. As well as maintaining safe separation, the en-route controller 
may have the tasks of ascending outbound aircraft through the 
inbound traffic stream and of descending high-flying aircraft ready 
for hand-over to the zone controller. This latter controller takes over 
from the en-route controller at a distance of some 30 miles from 
the aerodrome and tries to achieve a safe, orderly flow of aircraft 
through a fixed point in space; the transition of the aircraft from this 
fixed point to a final approach position is in the hands of an approach 
controller who uses high resolution radar and some lateral freedom 
of movement to ensure a safely sequenced flow before handing over 
to the landing controller. After landing, aircraft are taken by the taxi 
controller from their turn-off point on the runway to the airport 
apron. With London Airport, the zone is fed by seven en-route 
corridors, and two “‘fixed points’ (over Epsom and Watford respec- 
tively) are used by the zone controller; if necessary, inbound aircraft 
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queue at these points, the queues taking the form of stacks, with 
aircraft flying holding patterns on altitudes spaced 1,000 ft apart. 
The head of the queue is usually the lowest altitude and after the 
bottom aircraft has been handed over to the approach control each 
of the remaining aircraft is descended 1,000 ft and so on, new arrivals 
joining at the top of the stack. Figure 5 shows diagrammatically a 
vertical section of part of the system, the black dots representing 
aircraft position and the dotted lines representing divisions of 
control responsibility. 

As mentioned, it is common practice to feed the landing runway 
at London Airport from two stacks. The mean interval between 
successive departures from a stack and the distribution of individual 
intervals about this mean persist over a fairly wide range of condi- 
tions, and classical queueing theory can be applied to predict 
accurately degrees of congestion at low arrival rates. The simple 
overloading instability associated with constant mean service times 
mentioned earlier has sometimes been observed as, for example, 
when the inbound route to the Watford stack (during a period when 
about 30 per cent of London Airport inbound traffic would have 
been routed over Watford) was suddenly cut off. 

Occasionally, however, the type of instability associated with 
interaction between arrival rate and mean service time is found. Our 
experimental data here are somewhat meagre, considering the many 
variables involved (e.g., wind, visibility, extent of radar cover, 
individual controllers, etc.), but it does seem that the instability is 
to be associated with the limited capacity of a human controller to 
exchange and correlate information on aircraft position, speeas and 
so on rather than with the restrictions on available airspace. Opera- 
tional studies have been made of the time air traffic controllers spend 
communicating, i.e., listening or talking to aircraft on R/T, scanning 
visual displays, talking to other control positions, etc., and it has 
been found that in most circumstances the concept of “‘standard 
aircraft movement”’ is useful. The utility lies in being able to predict 
the communications workload at a given control position for various 
arrival rates, assuming, of course, that there is no interaction. Nowa 
controller must plan as well as communicate, and it appears that 
planning and communicating are to a large extent mutually exclusive 
so that, if an increase in arrival rate brings a proportionate increase 
in communication time, the planning time must correspondingly 
decrease. A stage may then be reached where, because of inadequate 
planning, aircraft are “held” and the communications time per aircraft 
movement rises far above that for the standard aircraft, the available 
planning time falls and the traffic situation becomes more and more 
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intractable; the situation is self-aggravating and somewhat analogous 
to that in our transit-shed. Even with a normally acceptable arrival 
rate, it is possible for a small perturbation (e.g., temporary R/T 
failure, a burst tyre on landing, a slipped radar picture, etc.) to 
give one or more controllers a higher “static load” than is usual, 
with much the same final result. As a broad guide, experience has 
shown that instability of the type just described is likely to arise at 
the stage.when a controller would be expected (on the basis of 
“standard aircraft movement’’) to spend more than about half his 
time in verbal communication. 

There are several things we might do to alleviate the difficulties 
of air traffic controllers. Possibly their planning could be made 
somewhat easier with changes in routeing and provision of more 
airspace but this is probably not the long-term solution; in particular 
the airspace in the vicinity of busy airports such as London is bound 
to remain crowded, whatever changes are made at the periphery of 
the system. Reduced separation standards, which may be possible 
with the introduction of more sophisticated navigational and control 
aids, might also ease the planning, but, again, are probably not the 
long-term solution. Our attention, therefore, is directed towards 
presenting information to the controllers in a more digested form, in 
simplifying their liaison, and in providing electronic equipment to do 
their clerical work for them. Before we can do this rationally it will 
be desirable to find how a controller’s mind works. To this end, since 
operations are extraordinarily difficult to study—one hour’s opera- 
tional traffic requires a dozen observers and about six months’ 
analysis—we propose to use simulation techniques where we can 
control at least some of the many variables involved. The automation 
of air traffic control is particularly difficult. Any automatic system 
introduced would have to fail safe and, whereas a simple fail-safe 
which ‘“‘froze’’ a traffic situation would probably be acceptable for 
surface transport control, an air traffic situation would need almost 
immediate human intervention. For a human controller to take over 
a complicated air traffic situation he must have followed it in some 
detail, i.e., he must have monitored the machine. This raises two 
questions: is it good practice psychologically to make a man monitor 
a machine? And if he does monitor it, what use is the machine 
anyway ? 


REFERENCE 
1 Nature, 178 (4548), p. 1480. 





THE INSTABILITY OF A CLOSE-INTERVAL SERVICE 
by 
P. I. WELDING* 


The system whose instability I intend to discuss is a close-interval 
public transport service of the type operated in large cities. The great 
majority of services in Central London are of this kind, and my 
remarks will relate to both bus services and underground railway 
services. 

It is necessary in providing a public transport service of any kind 
first of all to have a schedule. The time schedule provides that the 
units of transport leave the depot at the correct time in the morning, 
and sets out the running of the service throughout the day. 

In the case of infrequent services the schedule is made known 
to the public in the form of a timetable. For such services it is 
important that the units of transport should run to the published 
timetable. 

On the other hand for the frequent service (of interval 2-10 
minutes) it is of no advantage to provide a timetable since transport 
users do not find it worthwhile timing their arrival to pick up a 
given unit. In this case, although it is still essential to have a schedule 
to control operation of the service, the user is not directly interested 
in adherence to it. If, for example, each unit is exactly one interval 
late, the effect on the user is precisely the same as if the service were 
perfectly punctual. 

The potential passenger judges the quality of a close-interval 
service by the time which he has to wait for the next unit. It can be 
seen intuitively that a close-interval service would be operating at its 
best if the time intervals between the arrival of successive units were 
equal. In fact, it is possible to prove mathematically that the average 
time waited by passengers arriving at a boarding point at random is 
a minimum when all the time intervals are equal or when in other 
words the service is perfectly regular. Average passenger waiting time 
has therefore been used as a criterion of the quality, or regularity, of 
a close-interval service in some theoretical work which will be 
touched upon later. The more regular the service the lower is average 
waiting time and vice versa. Incidentally, the interval between succes- 
sive units is usually referred to as the headway. 

What I wish to do in this paper is to study the conditions under 
which different kinds of service operate and thus, I hope, to indicace 
why some services are regular and others not. 





* London Transport Executive. 





Underground Railway 


On a railway the operation of trains is governed by a signalling 
system whose ultimate purpose is to prevent collisions. After one 
train leaves a station, the train following takes a certain time to run 
into the station. Additional time must then be spent in the station 
for the purpose of loading and unloading. The headway between 
successive trains may, therefore, be expressed by the equation given 
in Figure 1. 

UNDERGROUND RAILWAY 
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FiGure |. Underground Railway—components of a headway. 


Safety is achieved by the separation of each train from the one 
in front by a distance greater than that in which it can be brought to 
a standstill from the maximum speed permissible at that point on the 
line. Thus whilst one train is standing in a station the train behind 
cannot approach nearer than this point although it may, of course, 
not yet have reached that far. When the first train leaves the station 
the time taken by the second train to run-in (the run-in time) cannot 
be less than a certain minimum value although it may be more. 

The existence of a minimum value of run-in time can be inferred 
from the distribution of Figure 1C. The exact minimum is not 
apparent owing to the figure being plotted in histogram form but it 
is in fact 48 seconds. The longer run-in times, up to 70 or 80 seconds 


134 





in this case, occur if the train following has not yet reached the point 
of nearest approach when the first train leaves the station. 

The aim of modern signalling is to reduce the minimum run-in 
time as far as possible and recently an innovation known as speed con- 
trol signalling has been installed at certain stations for that purpose. 

Owing to the automatic nature of the signalling the only real 
cause of irregularity, barring breakdowns, on the underground is the 
station stop time. It should be mentioned that on both London 
Transport rail and road systems very heavy passenger traffic is 
encountered for about an hour during the morning and an hour 
during the evening. These periods are referred to as the “peaks”. 
The station stop time, which of course is dependent on passenger 
loading, is therefore subject to variation between one train and the 
next, but even more so between peak passenger periods and off-peak 
periods. 

It will be seen from Figure 1A that in peak periods station stops 
as long as 70 or 80 seconds may occasionally be encountered. 
Figure 1D which is the sum of distributions 1A and IC shows that, 
even with this variation, headways during the peak are almost wholly 
distributed between 14 and 2} minutes. It may be mentioned for 
comparison purposes that the standard aimed at is a headway of 
90 seconds between trains which with existing signalling entails 
station stops being restricted to some 30 seconds. 

In off-peak periods station stop times are not subject to much 
variation and, being shorter than in the peak, they allow a margin of 
time in hand which enables drivers to keep to the schedule in comfort. 
Headway is still, however, subject to the minimum laid down by the 
signalling system. In practice station stop time is never less than 
15 seconds, although owing to the histogram form of Figure |B this 
value is not apparent. The minimum possible headway is some 60-65 
seconds; the sum of the 15 seconds minimum station stop and the 
48 seconds minimum run-in time. 

To sum up, in peak passenger periods lasting about one hour 
morning and evening, the majority of headways will lie between 
13 and 24 minutes, whilst in the off-peak there is no reason for 
irregularity to occur at all. An absolute minimum headway of about 
a minute applies throughout. 


Road Services 

The operation of road services differs from railway services, 
since from the moment of leaving the terminus, each bus encounters 
a different set of circumstances, whilst the kind of automatic control 
imposed on the railway by the signalling system is absent. 





Traffic Delays 

At the beginning of an investigation which London Transport 
has for some time been carrying out into traffic delays and their effect 
on bus running, a comprehensive survey was made on the central 
section of a typical route. This work applies, of course, to conditions 
before the fuel shortage. The factors accounting for the journey time 
of individual buses could be examined and the following analyses 
were carried out. 

First of all the total journey time was divided into time in motion, 
and time spent stopped at traffic lights, passenger stops and pedestrian 
crossings; the proportions are given in Table I. It can be seen that 
one third of the journey time was spent stationary, and the largest 
part of the stopped time was at traffic lights. 


TABLE I 
SUBDIVISION OF BUS JOURNEY TIME 
Per cent 
Time stopped at: 
Traffic lights 
Passenger stops _ 
Pedestrian crossings 
Time in motion 


A second finding was that the journey time of an individual bus 
was well correlated with the time spent by the bus at traffic lights, 
although no such correlation existed with the time spent at passenger 
stops. 

Thirdly, considerable variation in the journey time of a group 
of buses occurred between different times of day, and different days 
of week. Although there was some pattern in the variation in journey 
time during the day, occasional periods of exceptionally long times 
were liable to occur quite unpredictably. These protracted times were 
accounted for by severe congestion, which might only last for half an 
hour or so and would disappear as quickly as it came. This is, of 
course, an indication that the street system is almost at its traffic- 
carrying capacity. It was concluded from the investigation that the 
most important source of variation in journey time of buses was 
traffic delays. 

To provide further evidence of the immense variation in journey 
time which may be encountered through traffic delays, I have 
included in Figure 2 some results from a survey at Hammersmith 
Broadway last October. The journey times of buses on a certain 
route between two points just over a quarter of a mile on either side 
of the Broadway during a particular day’s operation have been 
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plotted in histogram form in Figure 2. It will be seen that during the 
day, journey times anywhere between two and 20 mimutes might 
quite easily be encountered. How can a service of two or three 
minutes interval be maintained under these conditions? 

! should mention that the survey lasted for two weeks and the 
observations plotted in Figure 2 were those made on the worst day 
encountered. Some of the other days covered were almost as bad, 
but it is not possible to say just on how many days in the year as a 
whole, comparable conditions occur. 
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FiGure 2. Distribution of bus journey time—Hammersmith Broadway. 


Regularity 

Later, a theoretical study of the effect of variation in journey 
time on bus regularity was made, first on a small scale by hand 
methods, but the arithmetic proved so cumbersome that an electronic 
computer—that at Manchester University—was used for the bulk. 

In this work a hypothetical service of buses was followed through 
a representative day’s operation as shown in Figure 3. The buses 
were assumed to leave the garage in the morning regularly. Since the 
service considered was of two-minute interval the average waiting 
time for passengers at the first point on the graph, corresponding to 
the run-out, was one minute. 
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In practice every route is divided into sections and a fixed 
running time is allocated to each section. Drivers are expected to 
endeavour to maintain the scheduled time at the end of each section. 
Keeping to time is possible if traffic conditions allow an actual 
journey time equal to or less than the allocation, but irregularity will 
result if the conditions met with are such that journey time is greater 
than the allocation. 

For the purpose of the study each single journey between the 
two termini marked A and B was divided into three such sections. 
The average waiting time for passengers using the imaginary service 
was calculated at the end of each section. It will be seen that after 
encountering traffic conditions in the first section the average waiting 
time had risen to about 2} minutes. Reiterating a point made earlier, 
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Ficure 3. Regularity of bus service through day. 


passengers’ average waiting time is a minimum when the service is 
regular and increases with increasing irregularity. The tendency is 
for the service to suffer further deterioration as it passes through 
later sections of the journey. 

In practice, at the termini of each route, buses stand for a certain 
period. Some of this time on stand can be used to correct irregularity. 
In Figure 3 the lay-over time was five minutes at terminus A but 
eleven minutes at terminus B. It will be seen that the larger allowance 
enables a greater improvement to take place. 

In Figure 3 the regularity is plotted of a service running under 
fixed operating conditions. Figure 4 gives a comparison between the 
effects of allocating different running times and lay-over times. 
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Although the Figure is plotted on the same axes as Figure 3, it has 
been simplified by averaging the waiting times obtained at the four 
points on each journey to form a single point. 

It can be seen that the best service is obtained in curve 1 with 
long lay-over times and the longer running time, whilst short lay-over 
times and the shorter running time provide the least regular service 
in curve 4. The conclusion tc be drawn from Figure 4 is that, in 
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FiGure 4. Regularity of service through day. 


theory, increases in either running-time allowance or in lay-over time 
tend to improve regularity. There are strong practical objections to 
either course which will be discussed later. 


Instability of the Road Service 
On many London Transport bus services, i.e., those operating 
in the outer suburbs and the country, the distribution of journey 
times encountered is narrow, and it is possible to allow a running 
time so that only occasionally do buses run late. On services of this 
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kind, the deterioration between one terminus and the other which 
was seen in Figure 3 does not take place. The service is wholly stable. 

On a second group of services, the variations encountered in 
journey time are such that it is not practicable to make a sufficient 
running-time allowance for them all to be taken up. This leads to a 
gradual worsening of regularity between one terminus and the next, 
as shown in Figure 3. The degree of irregularity is, however, such 
that it can be almost completely corrected at the termini. This kind 
of service is illustrated in Figure 4 and in curves | and 3 of Figure 4. 
Although a certain amount of irregularity is encountered the service 
does not tend to deteriorate through the day. 

On services running for an appreciable proportion of their 
length through congested areas the degree of irregularity arising 
during the journey is greater than can be adjusted at the termini. 
Services of this kind are illustrated in curve 4 and to a lesser extent 
in curve 2 of Figure 4. The service is still irregular when it leaves the 
terminus and regularity deteriorates not only during each journey, 
but also during the day as a whole. These are the services which give 
rise to serious concern and where a solution to the problem of irregu- 
larity is most urgently needed. 


Comparison between Rail and Road Services of Close-interval 
I now propose briefly to summarize the ways in which rail and 


road services differ in respect of regularity. 

First, on the underground, a minimum separation of about a 
minute is imposed by the signalling system. No such limitation is 
present on road services. The minimum separation ensures a certain 
degree of regularity. From other points of view it has a disadvantage 
in that, if one train develops a fault or suffers serious delay, later 
trains cannot catch up as easily as on the road and of course they 
cannot overtake. 

Second, whilst the rail vehicle is mainly subjected to variation 
in running time caused by its own passenger traffic, the road vehicle 
meets in addition the much larger variations due to the presence of 
other road traffic. Variations in headway on a railway tend to be less 
than the headway interval itself, whereas on the road, delays due to 
traffic congestion may often be much greater than the headway in 
magnitude. Further, extended delays due to passenger traffic are 
only likely to occur on both rail and road in the peak periods lasting 
for about an hour morning and evening, but traffic congestion on 
the roads may occur at any time between about nine a.m. and 
six p.m. It follows that in the main there is no opportunity for the 
road service to recover. 
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The Control of a Close-interval Road Service 


In concluding I should like to discuss the possibility of improve- 
ments in regularity being obtained. 

From the conclusions drawn in the theoretical work described 
earlier, it might be thought that a solution of the problem could be 
found by simply increasing running-time allowance or lay-over times. 
For example, in principle, perfect regularity could be obtained if the 
running-time allowance exceeded the longest delay which was ever 
encountered. It must be appreciated, however, that increases in 
either running time or lay-over time would increase the cost of 
providing the service. If, for example, on a two-minute frequency 
service either quantity were increased by two minutes, an additional 
bus might be required to maintain the service. Also a fast service is 
desirable from the point of view of attractiveness. 

A further objection arises from the fact that when traffic 
conditions are slack, time keeping is observed by drivers maintaining 
a steady speed so as not to arrive unduly ahead of time. Increase in 
running-time allocation is bound therefore to lead to public com- 
plaints of deliberate dawdling. 

In reality it would be quite impossible to allocate running time 
to cover the worst traffic conditions encountered. Referring to the 
distribution of Figure 2, what would the public reaction be, if the 
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running time for the half-mile section at Hammersmith were any- 


thing approaching 20 minutes? 

Increase in lay-over time at termini, which also should improve 
regularity, is often ruled out by inadequacy of standing accommoda- 
tion, particularly at such important termini as Liverpool Street and 
Victoria. 

It is obvious that the step, which would provide an almost 
complete solution of the problem of irregularity on road services, 
is the elimination of traffic congestion. In fact a number of bottle- 
necks known to cause irregularity, Hammersmith Broadway among 
them, are on the London County Council’s programme for improve- 
ment in the next few years. It is to be hoped that these improvements 
together with the recent proposals of the Ministry of Transport’s 
Samuels’ Committee for dealing with the very serious problem of 
parked and waiting vehicles in Inner London will bring about a 
substantial easing of congestion. 

In practice all that is possible under normal traffic condition 
to attempt to correct the service after it has been upset. F 
purpose warning of the onset of irregularity must be 
quickly and remedial action must be immediate. Such action depen 





on definite departures from scheduled running which can only, of 
course, be made by a responsible official on the spot. 

The only other solution that I can think of depends on the 
continued intractability of Colonel Nasser. Reports of prolonged 
gaps in service have fallen to a fraction of their level before the 
Suez crisis. 


DISCUSSION 


M. J. BRAMSON (University College, London)* showed two films 
of pedestrians moving along a passage leading to: Wembley Park 
Station from Wembley Stadium. Some of the observations appeared 
to bear out Professor Lighthill’s theory. 

The films were taken at a point where a railed-off passage 5} ft 
wide led off the main road out of the Stadium. The flow through 
the passage was determined by the number able to enter at this point. 

A flow/concentration curve was obtained approximating quite 
closely to Professor Lighthill’s Figure 1. During the rush period ‘“‘we 
are on either side of the maximum according to the stochastic 
fluctuation of the actual number of people passing through, so that 
the waves may be stationary or move backward or forward slightly,” 
and this was borne out by the films. Further correspondence occurred 
when, on one occasion, the tunnel gates to which the passage led 
were closed owing to congestion in the station. When the gates were 


re-opened there was the highest flow which had ever been observed. 
This bore out the contention that if the flow is stopped, when it is 
re-started the flow will be the maximum the capacity will allow. 


Dr. K. PENNYCUICK (I.C.I. Ltd.) asked whether the rule, applied 
in some continental countries, of giving way to the vehicle on one’s 
right might ease the blocking of roundabouts. 

On the Underground, the stopping time at stations controlled 
the overall speed. If the numbers on the platform were controlled, 
it should increase the rate of flow of trains and therefore enable 
more people to be moved. 


J. Day (London Transport Executive) commented on the 
application of the Mark II Ferranti Computor then operating at 
Manchester to the work on the bunching of bus services described 
in the paper by P. I. Welding. He said: 

It was decided to apply Monte Carlo methods to this problem 


not only because artificial data are easier to amass than actual 
observations but, more importantly, because it is possible to vary 





* Now at Orbit (Operational Research) Ltd. 
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the operations of a theoretical model in a way which is not possible 
with an actual bus service. By cumulating a series of values drawn at 
random from a known distribution of journey times one can calculate 
the time of arrival at any point of any bus in the model bus service. 
This will give the arrival time if the bus were not subject to any 
restrictions at all. But a bus, unlike a freely moving private car, is 
subject firstly to the restriction that it must not run ahead of its 
schedule, and secondly to the restriction that in normal circumstances 
it must not overtake the previous bus. It is, however, a fairly straight- 
forward matter to provide for these restrictions in the model—the 
random departure time of a bus from a point must be compared 
with its own scheduled departure time and also with the departure 
time of the previous bus. If the random journey time is earlier than 
either of these times then they must be substituted for it. These 
manipulations of the data correspond in the first case to an inspector 
holding back a bus which is running early, and in the second case 
to a bunch of two buses being formed. The headways between buses 
are merely the first differences of the departure times. The average 
waiting time of passengers may then be derived as a simple function 
of the sum of squares of these headways. 

This problem is ideally suited to solution on a computer. The 
data required are the random journey times and the five or six figures 
which serve to define the timetable or schedule which the buses are 
attempting to adhere to. This data, once read into the machine, is 
subject to a large number of repetitions of only a small number of 
basic sequences of operations. 

In fact, 38 different schedules were examined. Since the object of 
the experiment was to estimate the relative effect of different time- 
tables, the same random journey times were used to test each 
schedule. The results were, therefore, obtained from a relatively 
small number of correlated samples, and consequently the absolute 
levels of average waiting time, as shown by Mr. Welding, may be 
subject to substantial sampling errors. But the errors attaching to the 
differences between schedules—that is between one line in the 
diagram and another—are acceptably small. 

The primary problem in the use of electronic computers for 
Monte Carlo calculations is the provision of the random elements. 
We adopted the somewhat unsophisticated method of reading-in 
sequences of random journey times which had been prepared by 
hand. In this case there seemed to be no advantage in generating the 
numbers in the machine because, in the first place, it was necessary 
that they should be reproducible—the same figures were to be used 
for each of the 38 different timetables being tested. Secondly the use 
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of uniformly distributed random numbers generated by the machine 
would have involved inverse interpolation into a table of the 
distribution of journey times—a procedure which a computer does 
not perform very efficiently. In practice it was found that reading-in 
the random journey times occupied only a relatively small proportion 
—about 10 per cent—of the total machine time. 

In total the calculations performed were equivalent to six 
complete days’ operation by 30 buses on each of the 38 different 
schedules. The results of the equivalent of one day’s operation, 
including the actual punching out of average waiting times at 23 
intermediate points, as in Mr. Welding’s figure 3A, were obtained 
in about 37 seconds. The sequence of operations was to run through 
all the schedules to be examined with the same set of random journey 
times before moving on to the next set of random journey times. In 
this way the machine could operate automatically for periods of 
about half an hour before any external control was required—that is 
before a new tape of journey times was inserted and the programme 
repeated. The complete set of calculations occupied about three 
hours’ machine time, whereas the same calculations carried out by 
conventional pencil and paper methods would have taken at least 
1.000 man-hours. | think, however, that the main point is that, in 
view of the extremely tedious nature of this type of Monte Carlo 
work, any investigation made without the aid of a computer would 
have had to have been on a very much smaller scale than the one 
which we were actually able to carry out. 


J. STRINGER (Central Electricity Authority) had observed at 
Oxford Circus, that after crippled trains had gone through, and the 
platform had therefore been extremely crowded, the following train 
had got away with a much higher rate of loading than usual, which 
seemed to point in a different direction from that which might be 
expected. The explanation might be that when there were only a few 
people they tended to concentrate in one area of the platform, but 
when there was a crowd they were uniformly distributed along the 
length of the train. 

P. I. WELDING added that escalators made it undesirable to 
allow a queue to form in the entrance passages of underground 
stations. 

Dealing with questions about the average waiting time for buses, 
he said that the minimum possible average waiting time occurred 
with a perfectly regular service. With the service which he had con- 
sidered, having a two-minute interval, the average waiting time was 
one minute and could not be less, though if the service was irregular 
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it might be more. It was impossible to have average waiting times of 
less than one minute. The average waiting time was a theoretical 
average which assumed a random arrival of passengers. Taking time 
horizontally and the arrival of buses at various intervals 


/ 





/ 
/ 


the average waiting time, which was the theoretical average for 
passengers arriving at random, was defined by 


Dealing with suggestions by Mr. Rose (Urwick, Orr and 
Partners) Mr. Welding said that issuing tickets on buses mitigated 
against the aim in England, and particularly in London, of always 
seating the greatest possible number of passengers. Passengers must 
either be kept off the bus at the stops until the conductor had time 
to give them tickets or wait in a space provided at the rear where 
they could stand when the bus moved off and take their turn in 
getting tickets. The separate entrance and exit also reduced the 
number of seats, and there would be one door relatively unwatched 
and uncontrolled. 


A. T. WiLFoRD (London Transport Executive) pointed out that 
there was a great difference between the U.S.A. and this country in 
the use of single-decker buses and the fact that in America and on 
the Continent there were often only one or two values of tickets. 
That made it possible to have a system by which the passenger 
entered the bus by one door, paid his fare and left by another door, 
and could do so without holding up the traffic. London Transport 
immediately after the war had tried experiments with the “pay as 
you enter” plan, but they had been a complete failure; the buses 
concerned could not keep to their schedule or handle the queues, 
and the idea had to be given up. London Transport had also 
obtained experience with vehicles with separate entrance and exit 
and had operated a number of trolley-buses built to that design, but 
had had to close the front doors, because passengers got in at the 
back, went to the top deck and got off in front before the conductor 
could collect their fares. 


Dr. M. P. BARNETT (IBM United Kingdom Limited), comment- 
ing on Mr. Day’s reference to the use of the electronic computer in 
assessing different methods for handling a traffic problem, mentioned 
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another project in which an electronic computer is being used to 
simulate a queueing process, again with the object of assessing the 
relative merits of different methods of control. The calculations 
relate to the River Nile, where several reservoirs already exist and 
several more are contemplated, and a method is to be found for 
locating and operating these on a rational basis. Many variables 
affecting the system are under human control and may be changed, 
and there are innumerable ways in which the system as a whole 
could be operated. Forty-eight years in the history of the river can 
be simulated in 13 minutes by the computer, which calculates for 
example the total amount of irrigation water available, having been 
provided with the capacities of the individual reservoirs, the detailed 
operating equations and monthly values for rainfalls and related 
quantities. Three major problems have to be solved. The first amounts 
to assessing the relative merits of different control schemes when used 
with one set of meteorological data. Considerable progress has been 
made with this. The second problem—to which the answer is not yet 
known—consists of finding the extent to which it is possible to 
generalize to other weather conclusions regarding the relative merits 
of alternative schemes, resulting from the use of one set of data. 

In the London Transport problem these two questions must also 
arise in paraphrased form. Dr. Barnett had formed the impression, 
from what had been said, that London Transport simulated a day 
in the history of a bus service, fed in a certain set of data concerning 
the operation of this system and decided, on the strength of the 
computer results, that one method of operating would be better than 
another. It was not clear, however, if other sets of data had also been 
used to check “experimentally” if the relative merits of different 
schemes remained unaltered. An analytical investigation to determine 
the criteria which need be satisfied by the data for the conclusions 
concerning relative merits to remain invariant would also be most 
interesting. 

Asked what was meant by better and worse ways of dealing with 
water storage, Dr. Barnett said that the search for numerical criteria 
of effectiveness of an irrigation scheme amounted almost to as great 
a problem as the search for methods of operating reservoirs. At the 
start of the investigation it had been thought that the objective was 
maximizing the total water available over the 48 years of the simula- 
tion run, consistent with reservoirs of particular sizes. This was a 
gross over-simplification however. A scheme which within the frame- 
work of certain operating instructions gave a maximum of irrigation 
water might be unsatisfactory, in that this maximum was attained 
with occasional sharp annual fluctuations. A scheme which provided 
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a lower total amount of irrigation water over the years, but which 
did so with relatively slight annual fluctuation, would be preferable. 
The situation is, however, far more complex still, and for the final 
decision human inspection and judgement of the detailed results is 
necessary. 


B. D. HANKIN (London Transport Executive), while not 
minimizing the importance of cost considerations, pointed out that 
the human factor was also common to many of the problems they 
were discussing. 

A roundabout, for example, had a given capacity, only if it was 
used correctly. Again, it was amazing what one man who tried to go 
in the wrong direction along a subway could do to slow down the 
flow. A third example was taken from getting on and off a train; 
in crowded conditions people often tried to get on and off at the 
same time. Again, it was obvious that the maximum use of an 
airport required discipline amongst the aircraft themselves in the 
way they came in, and this they accepted. 

The human factor and the need for discipline were thus common 
to many of these problems, and when something had been laid out at 
great cost and more money could not be spent the way to improve 
matters was to educate people and appeal to the sense of discipline 
which they showed in their daily lives. 


Replying to further points raised in discussion P. I. WELDING 
agreed that bus drivers did get fed up with traffic delays, and opera- 
tion suffered. One of the essentials was good communications, but 
this was not easy to achieve. 

The work which he had described was done theoretically because 
the effect of a small change in operating conditions would almost at 
once be swamped by the variation in traffic delays which could take 
place from one day to another, and even from one hour to another. 

The practice of splitting bus routes into sections had been 
applied by London Transport during the last year or two to a much 
greater extent than before. The object was to give passengers on the 
extremes of the route, where there was very little congestion, a fairly 
regular service, even if buses which went through the centre of 
London did not get through to time. One factor which restricted the 
adoption of this policy was the lack of standing accommodation for 
buses in the central area. 

With regard to the suggestion that buses should pass certain 
picking-up stops, under the present regulations a bus might pass a 
stop only if authorized to do so by an official who was present on 
the bus. It was a method used occasionally, but the extent to which 
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it could be used was restricted by the number of officials. If buses 
went past stops haphazardly it would lead to a great many complaints 
from the public. 


Dr. R. J. SMEED (Road Research Laboratory) in reply to a 
suggestion that on certain road crossings the red light of the traffic 
signal should not be an obligatory stop, but should merely control 
the right of way, said that traffic lights were not installed at inter- 
sections in this country until there was a certain minimum amount 
of traffic at the intersection. Most traffic lights were in places which 
would usually not be suitable to this sort of amendment. The main 
easement would be possible at night, when the lights might change 
from red and green to a flashing amber, as was done in America. 


A speaker asked whether any information could be given about 
the effectiveness of one-way streets in increasing traffic flow, and 
whether a one-way street carried more traffic in the one direction 
than the sum of its carrying capacity as a two-way street. Could 
anyone say whether or not the very extensive and complicated 
system in Birmingham had been effective in increasing traffic flow? 


Dr. SMEED said that in Birmingham it was believed that the 
system employed there had been a great success. There was a strong 
case for one-way systems, but they should not be used where the 
circumstances were unsuitable. One-way systems always increased 
the average distance travelled, and although they always increased 
journey speeds, did not always reduce journey times. Each case ought 
to be considered on its own merits. 


In his closing remarks M. G. BENNETT (British Transport 
Commission), who had taken the chair when Professor Blackett had 
had to leave earlier, commented on the key importance of com- 
munications systems. Even on British Railways, where it was possible 
to talk from the signal boxes back to control about the movements 
of all trains, there were unpredictable perturbations in the system 
with which it was difficult to cope. 

He thanked all those present for their attendance and said it 
had been very interesting to see how the same sort of problem in 
different guises cropped up in almost every form of transport. 





OPERATIONAL RESEARCH IN 
HOSPITAL PLANNING AND DESIGN* 


by 
NorMAN T. J. BAILEYt 


THE various aspects of modern medicine are extremely diverse, 
involving pure science, applied science, technology, political and 
economic questions, as well as serious human problems of value 
and morals. In principle there are almost unlimited possibilities for 
advance in clinical knowledge. In practice, however, there is usually 
only a limited amount of medical skill, drugs, building accommoda- 
tion or finance actually available. It is clear therefore that there 
should be plenty of scope for application of the special methods of 
operational research, the object being to extract the maximum 
amount of benefit for the community out of restricted resources. 

Operational research techniques can probably be applied with 
advantage at nearly all points of the medical field, but I want to 
confine the present discussion to just one major area, that which 
concerns the planning and design of hospitals. Even with this restric- 
tion one is faced by a vast network of complex and interrelated 
problems. I shall therefore try to outline an approach which seems 
to me to provide a basis for further work, and shall also deal with one 
or two special investigations in more detail by way of illustration. 

It will be realized that since every hospital that is built involves 
an immense investment of capital, it is quite impossible to perform 
some huge statistical experiment in which alternative types of build- 
ing appear as ‘treatments’ to be examined for significant differences. 
This is of course quite a familiar difficulty. You can, for example, 
normally fight a given war only once. Although classical experiments 
can be performed at lower levels of organization with, say, weapons, 
communications or combat formations, the overall conduct of the 
enterprise can only be, at best, a rationally integrated whole. So it is 
with hospitals. Experimental trials can be run on the lay-out and 
staffing of wards, or the organization of an outpatient department; 
but the broad pattern of a whole hospital tends to be relatively 
inflexible, and it cannot be experimentally reproduced with a large 
number of variations. 

We are, however, entitled to expect that if we approach the 
problem of hospital building in a broadly scientific spirit making as 
much use as possible of the methods of operational research, then 





* Paper given to the Operational Research Society, 16 January, 1957. 
+ Unit of Biometry, Oxford University. 
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we ought to be able to achieve something very much better than is 
current at present. Needless to say, many mistakes are bound to be 
made, but this general attitude does seem to me to have considerable 
promise. 

The conscious use of an operational research method in the 
present field was first made in 1948 when the Nuffield Provincial 
Hospitals Trust (1955) instituted a special research team to investigate 
the function and design of hospitals. The report published by this 
body should be studied by all concerned with the subject. A general 
account of some of the mainly statistical aspects has been given by 
the writer elsewhere (BAILEY, 1956).* Further references to research 
on special points are given where relevant in the sequel. 


How Big should a Hospital be? 


Before looking at some of the details of hospital design and 
organization I should first like to say something about the general 
question ‘how big should a hospital be?’ By this I mean how many 
inpatient beds it should contain, and how they should be divided up 
amongst the several specialties; what should be the scale of out- 
patient facilities and so on. I shall not say anything here about the 
question of setting a limit to the absolute size of any one building, 
apart from mentioning the obvious fact that beyond a certain point 
the advantages of scale obtained from shared facilities may be offset 
by an unwieldy organization. There is also the question of vulnera- 
bility to air attack. 

Suppose now that a new hospital (or possibly group of hospitals) 
is to be built to serve the requirements of a specific area, or that the 
performance of an existing one is to be re-examined. If we know the 
basic demand for medical care in any given specialty then we can 
calculate how many beds are required to satisfy this demand (see 
BAILEY, 1954, 1956). For a new hospital this gives a starting point 
for designing the necessary ward units. For an existing hospital we 
may discover the real explanation of a long waiting list, or alterna- 
tively learn that the latter should in the circumstances not occur at 
all. I shall have something further to say about this aspect later. 

It is important to notice that we are thinking of ‘demand’ as 
current requests rather than actual need for medical care. This raises 
issues which have as yet hardly been touched on, but it would take 
us too far afield to discuss the matter here. 

As a rule there is no well defined geographical area within 
which all the people demanding medical care go to the appropriate 





* An alphabetical list of references is given at the end of the paper. 
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hospital. What actually happens is that near to a big general hospital 
practically all the people requiring its services do in fact make use 
of it. But as one goes farther away the percentage falls off, the other 
patients going to different hospitals in adjacent regions. This arises 
quite naturally because prospective patients can exercise a certain 
amount of choice, according to their own wishes and the policy of 
their general practitioners. 

If we examine the records of all hospitals over a sufficiently wide 
area then for any unit such as a rural district we can calculate the 
proportion of patients going to the hospital we are mainly interested 
in. The same proportion of the whole population of the district can 
then be supposed to represent the appropriate contribution to the 
total population served by this hospital. Adding together all such 
contributions gives an estimate of the total population at risk, which 
may well vary between the different specialties. 

So far as the actual demand goes, we can obtain this quite 
straightforwardly from the records of the hospital in question, Since 
actual requests for medical care are usually not recorded as such, the 
quickest method is to add to the discharges, over say a year, the 
change in the length of the waiting list (positive for an increase, 
negative for a decrease). This presupposes, of course, that the 
waiting-list is both accurate and up to date. Knowing the actual 
demand and the population at risk, we can calculate the rate of 
demand. This figure can then be applied to a new area, perhaps 
involving a new satellite town with a roughly predictable population, 
in order to gauge the demand likely to arise. (I have indicated this 
procedure rather baldly to show the general principle; we should in 
practice have to be rather careful that the character and structure of 
the region for which the predictions were made were not too dis- 
similar from the one for which the rate of demand was estimated.) 

The common-sense method of taking the final step to calculate 
the number of beds required is to multiply the demand per day by 
the average length of stay in days, but this must be qualified in an 
important way. Such a calculation tells us how many beds are needed 
for the rates of supply and demand to balance exactly. However, we 
are in fact dealing with a queueing process, and such an exact balance 
leads in general to an infinite waiting time. We must therefore 
increase the number of beds calculated (called the critical number) 
by a few units to ensure reasonably short waiting times. The exact 
details of this procedure can be supplied by the application of 
standard queueing theory. It should be mentioned however that the 
probably important consequences of large seasonal fluctuations in 
average demand have not yet been properly worked out. 
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Emergency Beds 


So far we have been thinking of the total number of beds required 
in any specialty, and have made no special distinction between 
patients admitted directly as emergencies and those taken from the 
waiting list. In practice it may be an important factor in the running 
of a ward to know how many beds to reserve for emergency cases. 
Clearly, the emergencies can only receive the fullest possible attention 
at the expense of waiting-list patients. It is possible, however, to 
calculate in given circumstances the consequences of keeping a 
certain number of beds free for emergencies (NEWELL, 1954). If the 
number is too high then the use made of the beds will be low; if the 
number is too small, part of the demand will be unsatisfied. By 
considering these opposing requirements a balance can be struck 
between the two. A typical result is if we have two beds for emergen- 
cies over and above those required to meet the main demand, 95 per 
cent of emergency cases would immediately find a vacant bed 
awaiting them. (For the remaining 5 per cent special ad hoc arrange- 
ments would have to be made, e.g., setting up an extra bed 
somewhere. ) 


Outpatients 
Up to the moment we have been considering the problem of 


meeting inpatient demand. Similar questions arise in dealing with 
outpatients, though now these are grouped together in batches, each 
batch being a clinic session. The whole problem of supply and 
demand in relation to time spent on the waiting list can again be 
examined in terms of a suitable queueing model. The primary 
fluctuating demand arises in respect of new outpatients. Old out- 
patients, who have already had a first consultation, represent a more 
predictable element. It is therefore easier to plan ahead where these 
are concerned. However, a more complete and detailed study of the 
whole pattern of events involved in coping with outpatients would 
probably enable several improvements to be made in the drawing up 
of clinic programmes. It is clear, for example, that we want not only 
to meet the demand, but to do so in a way that is acceptable both to 
patients and to hospital staff, as well as being administratively 
efficient. 


Design of Ward Units 


Having now said something about the way in which one can 
calculate the overall provision to be made, I shall consider some of 
the details of design. Many of these are of course straightforward 
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questions for medical or architectural experts. Ultimately, however, 
one is faced with a number of alternative plans, either in the form of 
existing lay-cuts or as projects on the drawing-board. All these may 
seem reasonably acceptable, and so one wants appropriate criteria 
for finer discrimination between them. 


Walking Distances 

Consider for instance a ward unit, i.e., the ward itself plus 
ancillary rooms. One of the things we want to avoid is excessive 
walking distances for the nursing staff. By carrying out surveys in 
existing hospitals one can arrive at a standard pattern of movement 
between all the basic elements of a ward unit. Such a pattern would 
specify, for example, how many journeys were made in the course 
of a day between the duty room and the bed area. Application of such 
a standard pattern of movement to the various plans available then 
gives a much more accurate idea of the total amount of walking 
likely to be involved. Other things being equal, we shall select the 
design that is most compact, in the sense of yielding the shortest 
distance. 


Space Between Beds 


Another important problem that arises in the bed-area itself is 
the question of deciding how far apart the beds should be. There has 


been much debate on this point. So far as the possibility of cross 
infection is concerned there is still some doubt about the quantitative 
relation between overcrowding and the chance of infection. However, 
the amount of space needed for the satisfactory performance of 
standard nursing duties is more easily settled. A simple and effective 
method is to photograph from the end of the bed a number of 
standard procedures, and then to find out the proportion of time 
spent beyond certain fixed distances from the bed. Thus in bed- 
making only 14 per cent of the time was spent beyond two feet from 
the side of the bed, and only 2 per cent beyond two feet six inches. 
More elaborate procedures needed up to four feet, but rarely more. 
With beds three feet wide these figures suggest that a working distance 
between bed centres would be quite sufficient. 


Early Ambulation 
A further aspect of ward design is the provision of such facilities 
as lavatories and day spaces. These are obviously rather difficult 
matters about which to lay down rules. However, if you knew that 
all the patients in a ward were going to be in bed all the time, you 
153 





would clearly cut out the day-space and drastically reduce lavatory 
accommodation. In practice there are not only appreciable statistical 
fluctuations in the proportions of bedfast and ambulant patients, but, 
even more important, medical practice varies a good deal. One 
method of tackling the problem was for a doctor to survey a large 
number of patients in surgical wards and to record daily over a 
period of time not only what actually happened, but also what 
might have been expected from a more traditional policy and from a 
policy of early ambulation (GOODALL, 1951a). The results are shown 
in Table I. 
TABLE I 


Partially Fully 
Bedfast ambulant ambulani 
o 
°o 


Traditional policy 
Actual policy 
Early ambulation policy 


There are of course difficulties in using such a table, but it does 
at least provide material from which one can calculate for a new 
ward the numbers of patients likely to need various facilities. Purely 
subjective judgements might be very wide of the mark. 


Single Rooms 


There are several medical and social reasons for wanting to 
isolate some patients in separate rooms: they may be infectious to 
others, or unduly susceptible to infection, they may be dying or noisy, 
have distressing or unpleasant symptoms, and so on. This problem 
is similar in many ways to the one we have already considered in 
connexion with emergency beds. It is a fairly straightforward matter 
to conduct a survey in which all the patients are classified each day 
as requiring or not requiring separate accommodation (GOODALL, 
19516; BatLey, 1951). This can be done, of course, quite indepen- 
dently of whether the demand is actually met or not. We can easily 
calculate the chance that a patient chosen at random from a given 
specialty will need a separate room. In one investigation this was 
found to be about 11 per cent for surgical patients. The suggestion 
of 0-11 x 16 = 1-76, or about iwo single rooms for a ward of 16 beds 
in all, does not tell the whole story because of the effect of statistical 
fluctuations from day to day. In fact it can be shown that this degree 
of provision would satisfy 84 per cent of the demand, and the rooms 
would be used for their proper purpose for 73 per cent of the time. 
With three single rooms the corresponding percentages would be 
92 and 59. This shows how we are inevitably faced with trying to 
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balance conflicting requirements. As ward size gets smaller, it 
becomes increasingly difficult to keep both percentages reasonably 
high. But the use of such calculations, or tables based on them, does 
allow us to predict the consequences of settling for any particular 
design. 


Traffic Surveys 

‘Traffic surveys’ show the pattern and volume of traffic between 
different parts of a hospital. In general, one wants to site closely 
together areas with high mutual traffic, such as outpatient clinics, 
X-ray and record departments. On the whole hospitals do not seem 
to be faced with very serious traffic problems, except perhaps for 
outpatients, lifts and visitors. Each of these aspects can be dealt with 
more or less independently. (With other types of building, however, 
extensive traffic surveys may be very worth while.) Nevertheless, the 
traffic aspect should be borne in mind when considering a proposed 
hospital plan. We want in particular to avoid bottlenecks and inter- 
secting lines of traffic. It is fairly easy to do some rough a priori 
calculations in order to see whether difficulties are likely to arise. 
Thus inpatients’ visitors are on average two per patient, so we can 
estimate the consequences of any given visitors’ hours. Similar 
consideration of a clinic programme for outpatient sessions would 
then show whether awkward interference between the two traffic 
systems would occur. 


Outpatient Appointment Systems 

The subject of appointment systems for regulating the flow of 
patients through outpatient departments is an aspect of hospital 
administration that can have important consequences for design. 
As this subject has already been well ventilated | shall only give a 
short outline of the main aspects. 

In the first place, there is the waiting which one endures on the 
waiting-list. This has already been mentioned. What we are now 
concerned with is the waiting that may occur in the clinic on the day 
of the actual booked appointment. These two kinds of waiting are 
quite independent of one another, and confusion has sometimes 
arisen through not distinguishing them. 

Having considered the general overall demand, and having 
decided on an appropriate clinic programme to meet it, we are 
faced with the problem of how best to deal with the group of patients 
who are to be given consultations on a particular morning or after- 
noon. As is well known, in the old days it was quite common for a 





large number of patients to arrive in the morning more or less 
unheralded and then simply wait until a consultation was forth- 
coming. This might take all day. By the 1930’s appointment systems 
of one sort or another were beginning to appear, and since the 
introduction of the National Health Service the majority of patients 
come with booked appointments. They may still have to wait several 
hours, and the chief reason for this seems to be the fact that many 
consultants heavily over-insure against the possibility of being kept 
waiting themselves by starting off with an immense reservoir of 
patients. This is obviously undesirable on many grounds, ciinical, 
economic, humanitarian, and so on. Some clinics seem to have 
arrived at a near-optimum method of working without any elaborate 
theoretical considerations. What they do is to start off with a -mail 
number of patients waiting and then try to arrange that subsequent 
arrivals are separated by intervals about equal to the average con- 
sultation time. Since such ideas have been energetically opposed in 
some quarters, it seemed useful to carry out a theoretical analysis, 
based of course on actual observations (BAILEY, 1952). The relevant 
queueing theory was not quite sufficiently far advanced to provide all 
that was required, and so the familiar Monte Carlo technique of 
building up mock series of clinics was used. 

A typical conclusion is as follows. Suppose we have a clinic 
with 25 patients. The consultation time is taken to be proportional 
to a X? with say 5 d.f., having an average value of 5 mins. We give 
the patients appointments at 5 min. intervals and have the consultant 
start work as the second patient arrives. It can be shown that under 
such a scheme the patients’ average waiting time is only 9 min., 
while the consultant vould be kept waiting for a patient on average 
approximately 6 min. per clinic of about 2} hr. in length. Such a 
picture is naturally oversimplified as it stands, but it is not difficult 
to take quite a number of practical complications into account. The 
general conclusion emerges that it should be quite possible in most 
cases to reduce the patients’ waiting time to a relatively small 
amount without introducing a serious risk of the consultant’s being 
idle for more than a negligible period. He can in any case fill short 
periods of waiting with other kinds of work. 

The possibility of more streamlined appointment systems 
obviously has an important bearing on actual design. In the first 
place a good system will reduce traffic and congestion. In the second 
place patients usually arrive with one or two escorts, and if a long 
queue is allowed to develop a great deal of space can be used up. It 
is therefore much more economical if waiting-spaces can be reduced 
in size by the intelligent use of an appointment system. 
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INTERNATIONAL CONFERENCE ON O.R. 


THE first international conference on O.R. took place at Oxford from 
2 to 6 September, under the auspices of the O.R. Society, United 
Kingdom, the O.R. Society of America and the Institute of Manage- 
ment Sciences. Two hundred and fifty delegates from 21 countries 
discussed 36 papers, formed five formal and innumerable informal 
discussion groups and took part in eight specialized colloquia. In 
spite of this crowded programme there was much good talk pretty 


well all round the clock, and much good fellowship. An account of 
the Conference will appear in the December issue of the QUARTERLY, 
which will also give details of the ‘Proceedings’ which will be 
published in England and the U.S.A. about the end of this year. 

The Conference was an unforgettable success, neatly and gaily 
summed up by Russell Ackoff in a closing speech: “I came here,”’ he 
said, ‘“‘an American in Oxford. I leave as an operational researcher 
among his friends.” 


COURSE AT SHEFFIELD 


A SERIES of eight lectures is to be given on Operational Research 
and Cybernetics at the Sheffield College of Commerce and Technology 
during October and November. Lecturers are drawn from the United 
Steel Companies’ Department of Operational Research and Cyber- 
netics, and the course is addressed to Senior Management. 

The subjects of the six lectures are to be: Introduction, Queues, 
Operational Research Models, Operational Research Machines, 
Processes involving Chance, Information, Production Control, and, 
finally, Cybernetics. 

It is intended that this course shall be followed in 1958 by a 
more advanced course for operational research workers. 
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CORRESPONDENCE 


THE BALLAD OF BONNIE DUNDEE (LTD.) 


(Not without reference to recent correspondence on ‘A Stock Model’.) 


DUNDEE has discovered that factory work 

Will pay more than claymore and dagger and dirk; 
Since they opened the west port and let him gae free 
A limited company is Bonnie Dundee. 


‘Come fill up my cup, come fill up my mug, 
For modern techniques I’m intending to plug— 
Atomics, Work Study, Statistics, O.R. 

(But not Cybernetics—that’s going too far).’ 


The experts come in and their jargon soon spreads, 

As words like ‘cost functions’ replace ‘overheads’ ; 

With polysyllabics their acts they disguise 

Til no-one can see how the overheads (sorry!) cost 
functions rise. 


‘Come fill up my stores, my bonny wee man, 
But minimize costs in your purchasing plan. 

I'll gie you a rule which you'll soon understand: 
The lot size is k times square-root of demand.’ 


Dundee, quite believing his profits will soar, 
Says, ‘Let’s use this rule on the factory floor: 

We use it for buying, where never it fails; 

The batch size is k times the square-root of sales.’ 


The factory manager starts a wee sulk, 

He says, ‘Orders come in here in ane muckle bulk, 
But when we are making—and this is the catch— 
The maximum stock never equals the batch.’ 


Dundee says, “You’re right! If we sell at rate s, 
Producing at q, I should say at a guess: 

First work out the batch size, then what you must do 
Is divide by root one minus s over q. 


‘Of Edinburgh rock we sell four thousand sticks 
A month, and k comes out at just over six; 

The square-root of sales is about sixty-three, 
And so the batch size is three-eighty, you see. 





‘Then there’s this correction I told you to mind, 
Which, when calculated, you'll probably find 

Is nought point nine five, so four hundred will do, 
And that is the batch size I’m giving to you. 


‘Come fill up my storehouse with Edinburgh rock; 

How clever we are in deciding our stock: 

My brave dunniewassals three thousand times three 

Will cry “Hoigh!” for the square-roots of Bonnie Dundee.’ 


The factory manager looks a mite vexed, 

Says, ‘What about shortcake? We’re making it next. 
I worked out the batch size, and found that it came 
To two hundred cakes, but the sales are the same 


‘As Edinburgh rock, so what are we to do? 

For each cake produced, sticks of rock we have two. 
So if cake and rock we alternately make 

We'll have stocks of rock but be short of shortcake.’ 


Dundee says, “Then shortcake must certainly stop 
And canned cockie leekie and haggis we’ll drop. 
Because of square-root laws and optimum stock, 
We'll concentrate solely on Edinburgh rock.’ 


The salesmen go east, and the salesmen go west, 
They tell the wild border, ‘Our rock is the best— 

It’s sweet, it’s a treat, and it’s lettered right through 
With “O.R.”’, which means that it’s so good for you.’ 


‘Come speed up my plant, stoke my boiler, and then 
Let’s plan a new factory and take on more men: 
Throw out all the rules about batch size and stock, 
For now we’ll make Edinburgh rock ’round the clock.’ 


I hope there’s a moral to draw from this rhyme: 
If you’ve but one product, make it all the time; 

If not, you will find that when you’re making two, 
The square-root of sales will be no use to you. 


Come fill up your cups, come and drink, O.R. men, 
Come pack up your slide-rules just now and again 
And let common sense have a chance to go free— 
And it’s down with the square-roots of Bonnie Dundee. 


A. Boake, Roberts and Co. Ltd., A. BATTERSBY. 
London, E.15. 





THE SURPLUS STOCK FORMULA 
by 
J. E. SUSSAMS* 


The way in which surplus stocks accumulate is examined, and a 
formula is evolved which will enable the average surplus stock arising 
in any given pattern of production and delivery to be calculated. Some 
practical applications of the Surplus Stock Formula are discussed, 
including the notion of a Stock Index to be used as a guide to manage- 
ment. A mathematical proof is given which shows that the formula is 
general. 


THE term ‘surplus stock’ is used in practice to apply to stocks arising 
for a number of reasons. For the purposes of the argument which 
follows surplus stocks are taken as those stocks which arise when, 
owing to the production methods employed, a product has to be 
made or raw materials acquired in lots of fixed size which do not 
tally with the amounts to be delivered at one time. 

Two figures determine the way in which these surplus stocks 
fluctuate; these are: 


1. The batch quantity produced (P). 
2. The batch quantity delivered (p). 


The number of deliveries which has to be made to complete a cycle, 
i.e., when the amount remaining (r) is nil, is given by the relationship 
P : pin its most simple form. When P is prime to p, then P is the 
number of deliveries required to complete a cycle. The average 
surplus stock over a complete cycle is the sum of the individual 
remainders (r,; = P;—p,, rz = 7; +P.2—Pz», etc.) divided by the number 
of deliveries (a factor of P). In order to find out what this average 
would be in a particular case, having no formula, it would be neces- 
sary to write out a table as under, where P = 20, p = 7: 


5 7 8.9.10 11 12 13 14.45.10 17 46 2 @ 





20 20 20 
‘Pe eee fees dae Me 
5 7740 316 9 2s 


It will be noticed that the figures in the r row are, in a different 
order, the series 0, 1, 2,3... 19. We show, in the appendix, that in 





* Samuel Fox and Company Limited. 
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all cases where P and p are prime tc each other the r rows are, in 
different orders, the series 0, 1,2,3...(P—1). The Surplus Stock 
Formula is derived from this fact and may be expressed: 


& = }(P-fS) 
where P is the fixed amount produced in one lot, and fis the highest 


common factor of P and p (the fixed amount in one delivery, the 
intervals between deliveries being equal). 


Stock Indices 

Wherever discrete quantities are involved the Surplus Stock 
Formula is absolutely true. Thus a manufacturer making articles out 
of bars supplied in 20 ft lengths, and using | ft of bar per article, 
knows, by application of the Surplus Stock Formula, that if he has 
to supply at the rate of 1, 3, 7,9, 11, 13, 17 or 19 articles per delivery, 
he will have to carry, on the average, 9-5 articles (or the equivalent 
in steel bars) in surplus stock. If he is asked to supply at the rate of 
2, 6, 14 or 18 per delivery, # = 9; if at the rate of 4, 8, 12, or 16, 
x = 8; if at the rate of 5 or 15, « = 7-5; and if at the rate of 10, 
“ = 5. The manufacturer therefore knows at a glance which delivery 
patterns (other than the optimum of 20 articles per delivery, involving 
nil stock) are the best, and in what order from the stockholding point 
of view. He would endeavour to persuade a customer taking 9 articles 
a week to take 10, thereby not only increasing his turnover but also 
practically halving his stocks. 

The use of # as an index is limited, since there is no comparison 
with the amount delivered. The expression </p overcomes this diffi- 
culty, showing as it does the amount of stock held per unit delivery. 
A factor i may now be introduced to represent the cost of stock- 
holding. This is made up of (1) the opportunity loss involved, being 
the interest otherwise due from capital immobilized in stocks, and 
(2) the cost of labour, space, stationery, etc., involved in storage. The 
relative significance of these two items will of course vary according 
to the size, weight and value of the product. If / is taken as the cost 
of stocking one unit (p) for the period between the dates of two 
deliveries of p, then the extra cost per unit delivered is /%/p. This is a 
sensitive and significant index. Providing that units are comparable 
the index may be used for comparisons between systems (involving 
varying P). 

A simple refinement consists of modifying p to allow for con- 
siderations other than the customer’s requirements, such as the 
expected proportion of rejects, or a level of finished material stock 
which is not ‘surplus’ but held for a specific purpose such as quick 
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delivery on ‘spot orders’. We should write p’ for our modified p, 
saying that p’ = p+q where p is the amount to be produced for 
a specific order, i.e., for a scheduled customer, and q is the amount 
to be produced for any other reason. 


Weights and Volumes 


Where the quantities involved cannot be represented by discrete 
numbers, but rather by a distribution about a mean, the Surplus 
Stock Formula is not absolutely valid, though in practice steps are 
usually taken in the form of common-sense arrangements between 
manufacturer and customer which overcome the theoretical objec- 
tion. An experiment using random numbers was performed which 
showed that if P was normally distributed with mean 2 and standard 
deviation 0-25 and if p was normally distributed with mean | and 
standard deviation 0:125, then # tends towards the worst solution, 
i.e., $P (in this case was 0-98). But if the value of p is made to 
depend upon the situation created by actual values of P as they 
arise, this difficulty is overcome, and the result is the same or very 
slightly better than the predicted result using the formula. 

For example, a manufacturer is asked to deliver approximately 
4 tons per month of a commodity which he makes in lots of approxi- 
mately 20 tons, # is calculated as 8-0, represented by the table as 
under: 

1 





P20 
p* 4 
r 16 2 8 


In the event he makes (a) 19 tons and (4) 21 tons and delivers accord- 
ing to the tables set out below: 


(a) 1 2 3) ae (d) 1 
21 








19 i 
4 p 
r 15 r 


5 
16 


z= 80 


In general, if actual P< predicted P and is divided into n 
deliveries of which the last = p—(predicted P—actual P) and the 
remainder are equal (i.e., predicted p), or, if actual P>predicted P 
and divided into n deliveries of which the first = p+(actual P 
—predicted P), then, in the first case actual << predicted #, and in 
the second case actual = predicted . Thus over a large number of 
cycles actual % will always be slightly less (i.e., better) than predicted &. 
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Again, the manufacturer may decide to make all his deliveries 
equal, as illustrated by the following tables: 








In general, if P is divided into n equal deliveries p, then, when 
actual P> predicted P, actual > predicted Z, and when actual P< 
predicted P, actual < predicted %. The greater the number of 
cycles over which this rule operates, the more nearly will actual 
& = predicted <. 

Where p is modified as suggested to allow for contingencies 
(p’= p+q) it might well be feasible to keep p as a fixed quantity and 
leave gq as the slack variable, thereby enabling fixed and equal 
deliveries to be made without affecting the amount of surplus, and 
in spite of the production of variable quantities. 


An Actual Case 

The Surplus Stock Formula has been used with effect in the 
following situation. The demand for a large number of special 
qualities of wire being very small (from a few hundredweights to a 
few tons in a year), but cast quantities of steel (in some cases 12 tons, 
in others two) having to be produced in each case to meet the first 
demand, it was desired to know what the cost of holding the 
inevitable stocks was. This could not readily be obtained from the 
available records and it would have been a long and difficult task to 
abstract the necessary data from production, sales, and stocktaking 
records, and to arrive at an accurate answer. However, by analysing 
demand for the qualities in question (the p), and knowing the actual 
production process involved (the P), it was possible, by using the 
Surplus Stock Formula, to show the average surplus stock in each 
quality. It was then a simple matter to give a realistic idea of the 
significant extra cost due to the stockholding involved in meeting 
these small lot orders. 


Conclusion 
It can be seen from the above discussion that the Surplus Stock 
Formula, handled with care, is sufficiently flexible to be universal in 


application. 
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MATHEMATICAL APPENDIX 


et P = amount produced in one lot 

and p = amount delivered in one lot. 

Assume first that these two positive integers have no common factor. If 
the stock level after the ith delivery is 2;, the level after a further 7 deliveries 
will be: 
ri4j = Xi—jp+kP, (1) 


where 4, the number of lots produced during this period, is a positive integer of 
suitable size to assume that O<aj,;< P 
The only circumstance in which x;4; = x;(j+-0) is when 
Jp oT KP, (2) 


i.e., when / is a multiple of P. Thus the stock returns to the same level after 
repetitive cycles of length P deliveries, and during any one cycle no level occurs 
more than once. The stock level must, therefore, take all the values 0,1,2.. 
(P—1) in some permutation during every cycle, and the mean level is consequently 


% = 3(P—1). (3) 


‘If P and p have a highest common factor, f, condition (2) requires j to be a 
multiple of P/f, and from equation (1) it is apparent that the stock level is always 
a multiple of f. It follows, as before, that the stock level takes all values 0, f, 2f.. 
(P—f) in some order during each cycle of P/f deliveries, and the mean level is 
consequently 

== 4(P—/f). (4) 
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OPERATIONAL RESEARCH SOCIETY 
THE first three meetings of the 1957-58 Session will be: 

8 October, 5.0 p.m., Annual General Meeting, followed by 
Operational Investigations in the Forging Industry, J}. BANBURY (British 
Iron and Steel Research Association). 

21 November, 2.30 p.m., Traffic Flow, Professor M. J. LIGHTHILL, 
F.R.S. (Manchester University). 

10 December, 5.0 p.m., Planning Problems at London Airport, 
J. FRIEND (British Overseas Airways Corporation). 


All three meetings will be in the Council Room of the 
Agricultural Research Council, 11 Regent Street, London, ’S.W.1. 
Tea will be served at 4.30 before the October and December meetings. 
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GRAPHIC REPRESENTATION IN THE 
THEORY OF GAMES 
by 
L. KUIPERS* 


LET a vay-off matrix be given as follows: 


B 


Qy1 +++ Am 
A . 


Ani «++ Qnm 


As to the method of finding the optimal strategies and the value 
of the game, it is no restriction if we assume that all a,; are positive. 
A’s problem is now 


if AyjXy +g; Xt... + AnjX,2zv (YG= a ih | 


Nyt Xe. tXy = l, (1) 


Neg Mys...X_ PY, J 


find (x1, Xo,...,X,) such that v is maximal. This maximum is the 
value of the game. 

According to the fundamental theorem of the theory of games 
the maximum of v is the amount which B can prevent A from exceed- 
ing by choosing his optimal strategy. 

The existence of the solution cf the preceding problem can be 
interpreted geometrically in the following way: 

Let A,(@,;,49;,..-,4n;) (= 1,2,...,m) be m points in the 
n-dimensional space R,. Let x, +x,+...+x, = 1 be a hyperplane 
in R, with plane-coordinates (x,,X9,...,xX,) through the point 
(1,1,..., 1). Let the lines OA,, joining the origin O and A; meet this 
hyperplane at the points M;. Then if a;;x,+...+4,;X, = b, Say, we 
have OA;:0M; = u. Now A chooses his strategy (a hyperplane) such 
that v is as large as possible and B’s strategy should be such as to 
minimize the maximal v. B’s choice is a pure strategy (a point A,), 
or a mixed strategy (a point in the convex hull C of the set of points 
A, Ag,..., Am). In view of the fundamental theorem there is at least 
one point P in C, and at least one hyperplane (x, X5, ..., X,,) through 
(1,1,...,1) such that the ratio OP:O0M where M is the point of 





* University of Delft, Netherlands. 





intersection of the hyperplane with the line from O through P, is 
optimal, that is, if B holds P fixed then A cannot increase his pay-off 
by changing the direction of the hyperplane, and if A sticks to his 
hyperplane then B cannot decrease A’s pay-off by taking another 
point P in C. 


EXAMPLE | 
Solve the game:} 
B 


( ae ee 
A ' 
2. em 

Solution. On account of the argument of the beginning of this 
section we see that A’s strategy is given by a straight line with line- 
coordinates (x,,X,) passing through the point M with point- 
coordinates (1,1), and that B has to find a position P in the convex 
hull of the set, P,, P, and P3, both with the properties mentioned 
above. Obviously the solution for A is the line through M parallel 


to P, P,, and for B the solution is the point P on the side P, P, and 
on the line through O and M. See Figure 1. 


The direction of F, P, can be found from 
a+3b = 1, 
4a+2b = 1, 


which gives a= 75, b = 35. It follows that x,=} and x, = 3. 
Further, we have OP = 30M, and P is the point (24,24). Hence 
the strategies of A and B are (4, ?) and (4, 4,0) respectively, and the 
value of the game is 23. 


EXAMPLE 2 


Solve the game :? 
B 


23 
A ; 
i 3a 
Solution. This game has a saddle-point, namely, a,, = 2. 
Now 4’s strategy is pure, namely, the line through (1, 1) parallel 
to the vertical axis, and B’s pure strategy is the point P,. We see 


OP, = 20M. Hence A’s strategy is (1,0), that of B is (1,0,0), and 
the value of the game is 2. See Figure 2. 
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FIGURE 2. 





We turn again to our initial general problem. An alternative 
representation of the game solution is che following: 

Divide the inequalities in (1) by v and introduce new variables 
X; = X;,/v. Then (1) becomes: 


t 


Find the maximum value of v if 
01; X,+d_ Xo+...+4njX,21 (j= 1,2,....m), | 
X,t+Xot... +X, = (1/v), (2) 
a ee | 


Now the points in R,, defined by the inequalities of the first 
row of (2) are located on the segments OA; joining the origin O 
and A, (the point coordinates of A; are a1;,a9;,...,@,;). A’s optimal 
strategy is that hyperplane (Xj, X9, ..., X,,) passing through the point 
(v,v,...,¥) Which meets every segment OA, and for which v is as 
large as possible. 

Consider again Example 1. The problem can be formulated (in 
linear programming form) according to the argument in the beginning 
of this section as follows: 


If 4X,+2X.>1, 
¥, 43%, nt, 


what is the minimum value of X,+ X, for non-negative X, and X,? 
The graphic solution as to A’s optimal strategy can be given in the 
following way. See Figure 3. 

If P, is the point 4X,+2X, = 1, then the points on OP, are 
given by 4X,+2X,>1, and so on. The minimum of X,+ X, under 
the constraints given is the point on the bisector #of the first quadrant 
most distant from O so that there exists a line with negative slope 
through that point meeting the segments OP,, OP, and OP3. This 
is the point of intersection of #and P, P,. The solution of 


4X,+2X, = & 


gives X,+X,=%. Hence the value of the game is 2}, and A’s 
strategy is x; = vX, = },x, = vX, = 3. 

Of course the preceding graphic method can also be applied to 
general problems in linear programming. 
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EXAMPLE 3 
Consider the system of constraints :* 
—2x,+ X%2<2, 
X—2x,<2, (3) 
X,+ X2<5. 


It is required to minimize the function x, — x, for non-negative x,. 








FIGURE 3. 


Solution. Write the system (3) of inequalities in the following 
manner: 
(—1) x, +32) <1, 


$x,+(-1)x.<1, (4) 
$x, +}x,< 1. 


Let P, be the point with point-coordinates (— 1,4). Then all 
points defined by the first inequality of (4) (in line-coordinates) are 
the points located on the line through P, and the origin O except 
those between O and P,, and so on. See Figure 4. 

Now minimizing the function x, = x, = C under the given 
conditions means finding a point on the bisector # of the fourth 
quadrant closest to the origin and through which a line can be 

169 





drawn meeting the line-segments defined by (4). This is the point 
of intersection of # and P,P;. From 


X,;—2X, = ‘ 
Xy+Xo = a 


follows x, = 4 and x,=1, so that the optimal value of x,—x, 
is —3. 








FIGURE 4. 
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ABSTRACTS AND REVIEWS 


Some Equilibrium Results for the Queuing Process E,,/M/1. 
R. R. P. Jackson and D. G. Nickots (B.0.A.C.). 
J. R. Statist. Soc. (B), 1956, 18 (2), 265-274. 


A queueing process in which the inter-arrival time of customers 
is proportional to a x” variate, the service time distribution is negative 
exponential, and a single server serves customers in order of arrival. 
Steady state equations are obtained by Erlang’s method, and the 
generating function for state probabilities is evaluated. Limiting 
distributions are found and a case of a regular input derived. 
Solutions are easily computed functions of the real positive root 
of a certain equation, the root being easily obtained by the usual 
numerical methods. 


A Guide to Careers: No. 18. Operational Research. 
The New Scientist, 1957 (19), 48-49. 
Short history of O.R. followed by summary of qualifications 


required in an O.R. worker. Describes problems which can be 
tackled with special reference to N.C.B. Field Investigation group. 


Opsearch—A Symposium of Papers at the 34th Meeting of the 
American Institute of Chemical Engineers. 


Chem. Eng. Progress, 1957, 53 (1), 3-24. 


R. L. AckorF (Case Inst.). Opsearch, What It Is. General 
account for scientists and engineers; history, methods, applications. 


R. WALLEN. Opsearch and Teamwork. Factors in O.R. team- 
building with emphasis on human aspects. 


T. M. WARE. Opsearch—a Management Point of View. Client 
report of impact of well-known dragline study by Admin. Vice 
President with realistic assessment of right and wrong management 
attitudes to O.R. 


A. R. KLINGEL, Jr., and C. L. CorNetT. Opsearch in Process 
Engineering. Case histories of simple applications of elementary 
statistics and Simplex L.P. to maintenance, designed experiments 
and production scheduling. 
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BYRON MARSHALL, Jr. (Mellon Inst.). A Scheduling Problem in 
a Manufacturing Plant. Optimum sequencing of production-runs on 
different products in a plant, dominated by high change-over 
costs. Solution by systematized trial and error, with a reference to 
Kuhn’s method. Problem is related to the Transportation and 
Travelling Salesman problems. 


J. Rio and A. F. SHorKey. Case Studies in O.R. Case histories 
of simple applications of elementary Statistics to equipment replace- 
ment, raw material inventories and quality control. 


An Approximate Method in Numerical Computation of the Leontief 
‘Open Input-Output’ Model. 
Hitost KIMURA. 


Ann. Inst. Stat. Maths. (Tokyo), 1956, 7 (2), 115-132. 


Approximations, suitable for desk calculators, for the numerical 
value in each industry associated with a given amount of final 
demand, where the number of industries is large. Accuracy checked 
by forecasts for the Japanese Economy in 1952, based on 1951 data. 


The Input-Output Technique, (1) A Tool for Forecasting, (2) Focusing 
Business Forecasts. 


The Economist, 1957, 182 (5925), 930-931 ; (5926), 1012-1013. 


Popular explanation of Leontief analysis, with brief mention 
of U.K. work in field. 


On Limiting Distributions arising in Bulk Service Queues. 
F. DownTon (Exeter University). 
J. R. Statist. Soc. (B), 1956, 18 (2), 265-274. 


Limiting behaviour of queueing process in which customers 
arrive at random, form single queue in arrival order and are served 
in batches of fixed maximum size, as this maximum tends to infinity. 
Limiting distributions are obtained for situations where service 
times have a x? distribution with an even number of degrees of 
freedom, including random service and regular service as special 
cases. Similarity noted between these and that of multi-server queue 
with random arrivals and regular service. 


The above abstracts are contributed by ORbit (Operational 
Research) Ltd., Empire House, St. Martin’s-le-Grand, London, E.C.1. 
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Capital Requirements and Planning in the Manufacturing Industries 

(in German). 

FRANK WEINBERG. 
Industrielle Organisation 25 (4), p. 115. 

Unfavourable conditions of payment, particularly in the export 
trade, compel the manufacturer to reduce his capital outlay and so 
minimize his credit requirements. Various methods may be adopted 
to achieve this. The author explores the effect of proper planning 
on capital requirements. Basic correlations are developed for a 
fabrication programme involving only a single product. 

The author concludes that the aim of industry should be to 
reduce production costs through proper planning and increased 
efficiency as in this way the advantages of a relative increase in 
capacity and a reduction in capital commitments are combined. 


Man Must Measure. 
CHARLES F. GOODEVE. 


(The Twelfth Henry Spurrier Memorial Lecture to the Institute of 
Transport, 10 December, 1956.) 


After a very brief outline of the part played by observation and 
measurement in the development of civilization, Sir Charles intro- 
duced operational research, particularly in road transport. 

As examples Sir Charles quoted the work of the Road Research 
Laboratory on night-time nose-tail accidents which showed the value 
of good rear lights on vehicles. He also deplored the subsequent 
regulations made “‘without benefit of science’. Other examples were 
the work done on design of intersections and the systems of control 
exercised at such points. The case for short cycle times for traffic 
lights and the necessity for grade separation were emphasized. 

He said that intersections constitute an immediate problem 
and the science related to them is well advanced, but they form only 
a small part of the total road network, and to tackle the larger 
problem of flow and capacity away from intersections was very 
much more difficult. 

In the author’s opinion the main question requiring an answer 
was how to assess the value of investments in new roads and in road 
improvements, etc., so that they could be compared with investments 
in other directions: to know the factors affecting the decisions of 
transport users, and to know if any equilibria exist in road traffic, 
would also be useful. A model of a transport system is needed to 
tackle these questions: it would concern inputs and outputs and 
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productivities or efficiencies, and would bring in ail the principal 
elements of a transport system. 

Starting with the proposition that the level of civilization can be 
measured by the number of meetings which take place between 
individuals, either people or things, the author took the output for 
any transport system as the number of meetings effected per unit of 
time. These must be weighted according to their value. A term is then 
inserted to allow for transit time: the time of the journey and the 
value per unit of time of the individual (person or thing). Two more 
output terms are necessary, one to deal with the variability in journey 
time and the other to deal with discomfort and inconvenience. 

The input is grouped under the headings of: track costs covering 
capital charge, maintenance and control (provided by the public 
authorities); vehicle covering capital charge, maintenance, power and 
manuing (provided by user); and accident risk covering personal 
injury and equipment damage (concerning everybody). These 
elements multiplied by price give the total cost of the system. 

The author claimed that the model can show benefit-to-cost 
ratios for prospective road improvements, but for more complicated 
calculations more theoretical development would be needed. 

Sir Charles concluded by referring to the minute fraction of total 
expenditure on transport represented by research and expressed the 
opinion that an increase in work done by the existing research units 
can start to catch up with an ever-growing problem. 


Conferencias de Investigacion Operativa (Operations Research: 
Lectures given at the University of Madrid). 
Nuevas Graficas, Madrid, 1956. (In Spanish.) 

This volume records lectures delivered in April 1954 during a 
short course on Operational Research at the Statistical School of the 
University of Madrid. They show the most frequent methods em- 
ployed in solving O.R. problems. 

The first paper, presented by Sixto Rios, states the aims of the 
course and a little of the history behind O.R., citing examples of 
problems ranging from anti-submarine warfare to competition 
between rival salesmen. Two other general papers were also read 
during the course, one by Francisco Azorin Poch which explained 
the ways in which factorial designs can be applied to the study of 
productivity, and the other, by Enrique Blanco, which gives a 
number of general ideas on the operation of testing and measuring, 
taking into account human error. 

The other six papers in this publication each deals with an 
aspect of O.R. as illustrated by the solution of a particular problem. 
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Ricardo San Juan explains the simplex method of linear program- 
ming. José Castaneda deals with the subject of linear programming 
as linked with economic theory. Juan Bejar Alamo’s paper is a 
study of the application of O.R. to a problem of mineral distribu- 
tion: the costing of minerals imported into the U.K., taking into 
account all the factors in the build-up of an economic price. The 
problem is broken down into four main stages, each of which is 
discussed fully: (1) description of the operation; (2) objectives of the 
operation; (3) the main problems involved; and (4) résumé of the 
conclusions. The paper presented by Gonzalo is an investigation 
into the problems of inspecting a consignment of goods by the 
method of taking samples. José Romani’s lecture deals with queue- 
ing theory applied to a problem of production in industry. It is based 
on Chapter 17 of ‘Probability Theory and Its Application’ (Feller, 
1950). The last paper in this book, prepared by Procopio Zoroa, 
deals with the operational analysis of publicity. 


Analysis for Production Management. 
EDWARD H. BOWMAN and ROBERT B. FETTER. 
Richard D. Irwin, U.S.A., 1957. 503 pp. $7.00. 


The authors, both assistant professors at M.I.T., set out to 
write a textbook on mathematical methods in production manage- 
ment, mainly for use in the courses run by their Institute. In just over 
269) pages of text they cover mathematical programming, statistical 
analysis and economic analysis. It is obvious that in the space 
available this multitude of subjects could be dealt with only on a 
very elementary level. 

The first three chapters are introductory, Chapter | being a 
general survey of the field of production management in its historical 
setting; Chapter 2 describes the general form of scientific analysis, 
1.e., observation formulation of hypothesis or model, testing of 
hypothesis and prediction from the tested hypothesis. Chapter 3 
surveys the schematic and graphical methods developed from time 
and motion study. 

Chapters 4 and 5 are on mathematical programming, giving the 
general simplex methods, the solution of transportation type 
models and a very clear and concise description of the dynamic 
model developed by Bellman. One oddity in this part of the book is 
that the authors devote nearly three pages of text to the ‘profit 
preference method’, but do not even mention the ‘maximal flow’ 
method due to Ford and Fulkerson. 

175 





Chapters 6, 7 and 8 deal with statistical analysis, i.e., Statistical 
Quality Control, Sampling Inspection and Analysis of Experiments. 
A little statistics can be a very dangerous thing, and it is just because 
the authors succeeded so well in describing these methods in just 
under 90 pages that this reviewer, at least, feels somewhat uneasy 
about it. Let us hope that these chapters are going to be used for 
the purpose they were designed, that is, as an introduction to the 
subject and not as a ‘cook book’. 

The last four chapters, 9 to 12, deal with ‘economic analysis’. 
that is, with various methods of achieving an ‘economic’ scale of 
operation in respect of batch size, size of stores, number of operators, 
extent of capital investment, etc. Chapter 9, called ‘Total Value 
Analysis’, is the most uneven of the book. It contains descriptions of 
models for problems in inventory control, warehousing, operator 
assignment and maintenance, and manages in this context to give 
a rather unsatisfactory exposition of multiple regression methods 
and a very good introduction to Queueing Theory. 

There is an appendix of statistical and mathematical tables. 

In general one can say that the authors achieved their purpose 
in producing a book for a first course in modern production manage- 
ment. Apart from numerous problems on the subject-matter, which 
appear at the end of each methodological chapter, the book has a 
special feature, which the authors call ‘Introduction to Cases’. 
In these the production, organization and operation of ten firms are 
described. These descriptions are based on actual case studies. 
No questions are asked, but these cases leave a wide field for the 
student to test his understanding of the problems involved and should 
serve as a fruitful source of discussion on the application of mathe- 
matical methods within the framework of a company actually 
operating on the given lines. 

This book should also be useful to the higher Manager who 
wants to get an idea of how his mathematician or operational 
research people arrive at their recommendations. 

There is one major criticism, namely the sketchiness of the 
bibliography. Presumbably one hopes that at least a large minority 
of the readers of an introductory textbook will become sufficiently 
interested in the subject to want to get a more detailed knowledge, 
but few of the specialist textbooks are mentioned in the references. 


The lack is especially apparent in the field of statistical analysis. 
BE. K. 





OPERATIONAL RESEARCH SOCIETY 


THE annual general meeting of the Society was held on 8 October, 
Sir William Slater, F.R.S., in the Chair. 


The Committee’s report was: 

Successive executive committees have regarded the task of 
establishing the O.R. Society as a progressive and recognized 
scientific society as falling in three stages. The first was the formation 
of the Operational Research Club with the opportunity it provided 
for building the initial firm base for future activity. The second stage 
was the gradual controlled expansion from the restricted membership 
of the club to a society with membership of sufficient quality and 
quantity to enable a wide programme of useful activity to be con- 
ducted. The third stage would be the organization of a society 
conducted at this final level. 

The last year has marked the beginning of the transition into 
this final stage and it is expected that the next two or three years will 
complete the transition. 

A necessary condition of this evolution is a continuing growth 
of membership and it is encouraging to note that without any 
conscious seeking of applications the membership has once again 
shown a significant increase. The state of the membership in succes- 
sive years (at 31 July) is shown below:— 

1953 1954 1955 1956 1957 
Members 78 101 148 187 106 
Associates oo — 15 60 111 
Total 78 101 163 247 317 


One of the major activities of the year has been the organization 
of the International Operational Research Conference at Oxford in 
September 1957, although the conference itself will fall within the 
period of the annual report for next year. Your committee set up 
the following sub-committee who divided their activities in the 
manner indicated: Sir Charles Goodeve (Chairman), Max Davies 
(Business Editor), R. T, Eddison (Technical Editor), Miss B. Kornitzer 
(Conference Secretary), J. Lewis (Liaison with U.S.A.), B. H. P. 
Rivett (Secretary), J. Stringer (Local Colloquia), E. C. Williams 
(Treasurer). 

The organization of the conference has thrown a great deal of 
work on to all the members of this sub-committee and your com- 
mittee are grateful to them for their endeavours. One of the most 
useful by-products of this work has been the establishing, the 
strengthening or the maintenance of relationships with O.R. societies 
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in countries throughout the world. It has indeed been pleasant to 
discover so many societies similar to ours, albeit in an embryo form, 
in so many foreign countries. The conference itself will lead to further 
friendships being established and may well lead also to further inter- 
national conferences of a similar type. 

It has become apparent during the year that this conference has 
exposed a real need in this country and your committee has set up a 
sub-committee to consider plans for a National O.R. Conference in 
1958 on a wide basis for the U.K. R.S. Gander has been appointed 
chairman of this sub-committee, the other members being Dr. K. 
Pennycuick, J. Stringer and Dr. T. E. Easterfield. The society will be 
kept informed of progress. 

One of the problems implied early in this report is that of estab- 
lishing and preserving standards of full membership. During the 
year the work of processing applications for full membership became 
sufficiently onerous for this task to be split off from the Hon. 
Secretary and your committee invited B. D. Hankin to act as 
Membership Secretary. It has become increasingly clear that for the 
whole Executive Committee to consider individual applications 
within the crowded agenda of their meetings does not do justice to 
the problem involved and it might well be that additional grades of 
membership are desirable in the future. Consequently the following 
were invited to act as a Membership sub-committee with the twin 
tasks of establishing and maintaining membership standards :— 
B. D. Hankin, H. G. Jones, Dr. T. E. Easterfield. 

We feel that the Membership Secretary should be recognized as 
an additional officer of the Society and be elected annually. Proposals 
to this effect will be laid before the Annual General Meeting in 
October 1957 as formal changes in the Constitution. Further, 
Members may well wish to review the constitution of the Society as 
it grows; in particular, the possible inclusion ‘ex officio’ of the 
chairmen of standing committees, should they be established, on the 
Executive Committee. 

In the latter part of the year we have considered whether 
fundamental research in operational research should be encouraged 
in a more formal and active way by the Society. H. G. Jones has 
been invited to act as chairman of a sub-committee together with 
Dr. T. E. Easterfield and J. Harling to work under the following 
terms of reference :— 


(a) To examine the techniques of O.R. and to ascertain which 
appear fruitful for pure research work of the type undertaken 
by a University. 





(b) To ascertain the fields in which study might advantageously 
be made of the applications of the theoretical techniques into 
practical problems. For example, one might quote some of 
the American papers on techniques: some of the Universities 
might find it of interest to study the application of these to 
specific U.K. problems. 

(c) To consider the possibility of unifying various fields of 
enquiry. 

(d) To explore means by which suitable research work in the 
U.K. might be encouraged either in Universities or elsewhere. 

(e) To report to the main committee on these matters. 

The continuing basic activity of the Society is, of course, its 
winter programme of meetings. During the year the following 
meetings were held :— 

October, 1956 Subject: ‘The Behaviour of Systems of Inter- 
dependent Quantities with Special Refer- 
ence to Economic Stability’. 

Speaker: Professor A. Tustin. 

November, 1956 Subject: ‘A Scrutiny of the British Potato 
Crop’. 

Speaker: Dr. D. A. Boyd. 

December, 1956 Subject: ‘Operational Research in Animal 
Breeding’. 

Speaker: Dr. A. Robertson. 

January, 1957 Subject: ‘Hospital Planning and Design’. 
Speaker: N. T. J. Bailey. 

February, 1957 Subject: ‘Management in Action’. 
Speaker: T. Burns. 

March, 1957 Subject: Open Meeting on ‘Dynamic Instabi- 
lity in Transport Systems’. 

Speakers: Professor M. J. Lighthill, F.R.S., 
Dr. R. J. Smeed, H. G. Jones, P. G. Reich, 
P. I. Welding. 


The Editors of the Operational Research Quarterly report: 


The Operational Research Quarterly has published four issues 
during the twelve months under review, containing 212 pages. This 
exceeds any total previously reported, the most having been 166 
pages in 1954-55. This increase in volume has accompanied an 
increase in the subscription rate from 10s. to £1 per year, dating 
from the first issue of 1957. The substantial credit balance shown 
in the accounts reflects the fact that increased subscriptions paid for 
1957 cover the whole calendar year, while the financial year includes 
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expenditure on the larger scale for only two issues. Even so, it can 
be said that the Quarter/y’s financial position remains satisfactory, 
and it shows little likelihood of losing its record of never having 
been a charge on the Society. 

Circulation continues to increase in spite of the increased price, 
as the following table shows. Once again the Society owes a debt of 
gratitude to Dr. Peter B. Myers, honorary subscription agent in the 
U.S.A. The satisfactory state of the Quarterly’s circulation list in 
North America is very largely due to Dr. Myers’s unflagging 
enthusiasm and efficiency. 


SUBSCRIPTIONS AT 30 JUNE 
(Not including sales of individual copies or back issues) 

1955 1956 1957 
Great Britain a cs 273 267 271 
Commonwealth .. = 73 79 92 
U.S.A. Ps a ae 262 279 286 
Other overseas ne a 108 149 213 
Members O.R.S. .. aK 154 243 344 


Total paid subscriptions .. 733 870 1017 ~=—- 1206 


Proposals to restyle the Quarterly at the beginning of 1958, on 
a larger page more spaciously presented, are under consideration by 
the Committee of the Society. 

This year sees the completion of the second and final year of 
office of our President, Sir William Slater. Although a sample of 
two may be thought too small to enable a firm law to be derived, 
we may at least formulate the hypothesis that by tradition we are 
well served and are proud of our Presidents. We are fortunate that 
Sir William will still be able to serve the Society for another four 
years as Vice-President. Unfortunately we shall be losing, under the 
four-year rule, Sir Charles Goodeve from the Committee. We owe 
him a particular debt of gratitude. During his years in the Club and 
the Society he has continuously worked at job after job, culminating 
in the organization of the International Conference. We are also 
sorry that during the year Dr. H. F. Rance has had to resign, owing 
to extreme pressure of business. We are grateful for his help. In 
accordance with clause 7 of the Constitution we have invited 
G. Norton to fill the vacancy and he will serve for the incompleted 
period of Dr. Rance’s term. 

Professor M. G. Kendall, London University, was elected 
President of the Society, and Dr. K. Pennycuick was elected to the 
Committee. 
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ECONOMIC LIFE OF EQUIPMENT 
by 
J. C. R. CLAPHAM* 


For some equipment, maintenance costs rise with age. This is likely 
to be true with machinery composed of an assembly of working 
parts. An easily recognizable example would be that of a motor car. 
In such instances, it is not possible to assess what the maintenance 
costs will average over a long period unless it is also known how 
long it is proposed to keep the equipment before scrapping it. It also 
means that maintenance costs obtained when studying a compara- 
tively new piece of equipment cannot be taken as the expected 
long-term costs. 

It is clear that there is an optimum time for which the equip- 
ment should be kept before being scrapped. This will occur when 
the sum of the capital depreciation payments and the maintenance 
costs is a minimum. This is referred to in this paper as the ‘economic 
life’. If the equipment is kept for less than this time, greater expense 
will be incurred due to heavier depreciation charges; if it is kept for 
longer, the rising maintenance charges will cause extra cost. 

There may in practice be other considerations involved in 
scrapping equipment. The available new equipment may have 
operating advantages over that already existing or the present equip- 
ment may be obsolete. They are not considered as affecting the 
economic life defined here. 

In the first section of the paper, a brief outline is given of the 
derivation of the economic life and of its properties in the general 
case. These take on a simple form when the increase of maintenance 
costs with age is linear. The second section shows the results applied 
to some examples in underground coal haulage. 


Derivation of Economic Life 


Let the capital cost be C and suppose that the equipment is 
used for n years and then discarded (without scrap value). 

Let the maintenance cost incurred in an interval (t,t+dt) be 
S(t) dt, where the only property of f(t) we assume is that f(t) does 
not decrease. 

Let T(m) denote the average annual total cost, depreciation and 
maintenance, over the years 0 to m. The average long-term annual 





* National Coal Board. 
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cost will be 
Tin) = 4+ (“par 
aia as ; ; 


For this to be a minimum, 


Gc 2. | 
0= Tn) =-5 5 | Aode+ = fen, 


fo) =< += [fe dt = Ten, (1 


Thus this minimum occurs when the current rate of maintenance 
cost, f(n), is equal to the average total cost to date T(n). Moreover, 
there is no possibility of this being a temporary minimum, followed 
by a dropping later to a lower level. 

For if m>n, we have 


T(m) = a - [ro dt 


Cc hen 1 fm 
: C4 Proares [soar 
So l 
> at mis C]+— .(m—n)f(n), (2) 


by substituting for ['foa from (1) and using the fact that 
0 
S(t) =f(n) when t>n. 
Hence, simplifying, 7(m)>f(n) = T(n). 


In the linear case, when f(t) = St, (1) gives 


This may also be expressed in the form 
C_ Sn 
ee Se 
showing that the depreciation payment and the average maintenance 
cost are both equal. The average annual total cost is therefore twice 
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the depreciation payment, i.e. 


Tin) = =. 


It should be remarked that the minimum is usually rather flat 
and an accurate decision of when to scrap the equipment is not 
important. This may be shown . differentiating (2) 

e m 
T'(m) = -—-— =| fear. n) 
0 


m= m? 


Differentiating again, 


T"(m) = ats =|. foa—S,. fm) +5, f'(m). 


‘3 zm. 2 oer: ES 
T"(n) = +5 lnfin)- C)-5. flr) +f (n) 


l 
* =F (n). 
Therefore if A is small, we have by Taylor expansion, 


2 
T(n+h)= Tiny +5. T"(n), since T'(n)=0 


9 


h 
+ T(n) +>. f(n). 
2n 
In the linear case, 
T(n) = = and f'(n) = S= 


Therefore T(n+h)= = 


Hence if the equipment is kept 10 per cent longer (or shorter) than 
the economic life (i.e. h/n = 0-1), the total cost is only increased 
by 3 per cent. 

This means that it may in practice be worth while scrapping 
before the economic life, since the improved features of the newer 
model may well be worth the slight increase in cost. 

The fact that the cost does not vary very much according to 
how long the equipment is kept does not mean that the determina- 
tion of the economic life is unimportant. It is necessary to know the 
economic life fairly exactly to predict the costs. How long the equip- 
ment is then, in fact, kept is a separate matter. 
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Application to Three Examples 


A good example of the variation of maintenance costs with 
age is given by underground diesel locomotives. Figure 1 shows the 
spares costs per ton-of-locomotive in each year plotted against the 
average age of the locomotives in the year. There are three points 
to notice: 


(1) Labour costs have not been included since there is no evi- 
dence that they increase with age of locomotive. 


(2) New locomotives may be added from time to time, but it 
is not possible to separate the costs for each; hence it is 
necessary to calculate the costs per ton of locomotive. The 
average age of the locomotives may not increase from 
one year to the next because of the introduction of new 
locomotives. 


(3) Spare parts were all costed at current prices (in this and 
the subsequent examples) so that the effect of increasing 
prices is excluded. 


This figure shows that at two installations the yearly costs lie 
on a Straight line corresponding to an economic life of about 9 years. 
At the remaining four the economic lives lie between 17 and 23 years. 
Since there is reason to believe that the maintenance at the first two 
was bad and could be improved, it seems reasonable to assume a 
life of 20 years at well-maintained installations. As no installation 
studied was over ten years old, that assumes that the spares costs 
will continue to rise in the same straight line in the last half of the 
life. If this is true, since a diesel locomotive costs about £600 per ton, 
this gives an average annual total cost of 2 x 600/20 = £60 per ton 
for depreciation and maintenance. 

Figure 2 shows for comparison a similar graph for battery 
locomotives. These cover a longer period of time but, unfortunately, 
only current costs are available for each installation. Nevertheless, 
the points are reasonably consistent with lives between 20 and 
30 years, averaging 25 years. Since these locomotives cost £450 
per ton (without the battery), the average annual total cost would 
be 2 x 450/25 = £36 per ton for depreciation and maintenance. 

It may be noted in this figure that there is a cluster of points 
with low ages and comparatively high costs. It may be that these 
correspond to ‘teething troubles’, although it is always difficult to 
tell when teething troubles become maintenance. 

Finally, mine cars (which are used in newer installations for 
carrying the coal underground) provide an interesting study. By 
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inspection, spares costs appeared to rise on average with time, but 
there were considerable variations from year to year. There were 
also large differences in cost from colliery to colliery; the ages of the 
installations varied from 3 to 10 years. To test whether the spares 
costs varied linearly with age, the costs were calculated separately 
for each colliery, where mine cars had been delivered in one consign- 
ment only, for the first half of the life of the installation as well as 
over the whole period. If the costs rise linearly, the proportion of 
the spares costs incurred in the first half of the life should be one- 
quarter. Figure 3 shows this proportion plotted against the age of 
the installation. As would be expected, the proportion is more 
variable at the younger installations, but it settles down to about 
one-quarter. The arithmetic mean of the twelve ratios is 0-26. If the 
costs did not rise with age the ratio would average 0-5. The data is 
clearly inconsistent with this. Hence it seems reasonable to suppose 
a linear increase. 

Only current maintenance labour costs could be obtained at 
most installations although there was evidence from two collieries, 
where past data was available, that it had increased with age. It was 
therefore decided to include maintenance labour in the analysis. 

Current maintenance cost was estimated by adding the current 
labour cost to twice the average spares costs to date. In view of the 
high variability of spares costs from year to year, it was thought 
that twice the average spares costs to date was a better estimate of 
current spares than the actual figure incurred in the latest year— 
the reason for doubling being the linear increase in costs with age. 
Figure 4 shows these maintenance costs (expressed as a proportion 
of the initial capital cost of the cars) plotted against the age of the 
installation. 

Mine cars hauled by locomotives appear to lie reasonably 
about the line representing an economic life of 17 years. Mine 
cars hauled by ropes clearly have shorter lives and are more variable. 
A 33-ton conventional mine car costs about £200, so that its average 
annual total cost when hauled by locomotives would be about 
2 x 200/17 = £24. 


Possible Modifications of the Method 


It would clearly be possible to design a quality control chart 
for an installation to check that maintenance costs are proceeding 
as expected. The method also enables a quick test to be made to see 
whether the costs obtaining at any one installation are reasonable. 

It is also possible to use the formulae here to test quickly the 
effect of any changes in assumption. For instance, in the three 
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examples given, overheads have not been included. If they amount 
to an extra 50 per cent, the previous calculated life in the linear case 
would have to be multiplied by (1/1-50) = 0-82 and the annual 
cost by ,/(1-50) = 1-22. 


A NOTE ON AN INDUSTRIAL 
REPLACEMENT PROCESS 


by 


STUART E. DrReyFus* 


The functional equation technique of dynamic programming is 
applied to an industrial replacement process occurring in the tyre 
manufacturing industry. A problem posed by M. W. Sasieni, and 
analysed as a Markov chain process, is reconsidered from the dynamic 
programming point of view. 

Some numerical results are presented which show that optimal 
replacement policies may be more complicated than one might suppose. 


IN a paper published recently,! M. W. Sasieni describes a replace- 
ment problem encountered in the tyre manufacturing industry. 
Sasieni shows that the multi-stage system under consideration can 
be characterized by a Markov chain process, and that an optimal 
policy can be determined under the assumption that the system 
reaches a steady state. To further simplify the problem, Sasieni 
assumes that the optimal policy can be characterized by a simple rule. 

This note will show that the problem is amenable to the func- 
tional equation technique of dynamic programming and will present 
numerical results for the problem presented in Sasieni’s paper. It 
will be seen that the optimal policy can be much more complex than 
the type of policy considered by Sasieni. 

Dynamic programming yields an optimal solution for processes 
of any finite duration where end-effects prevent Markovian analysis, 
as well as for the long-term process considered in Sasieni’s paper. 


The Problem 

In the manufacture of rubber tyres, a machine is used which 
contains two bladders, and which simultaneously produces one tyre 
on each bladder. If a bladder fails in service a faulty tyre is produced 
and a cost c, is incurred. Further, when a bladder fails, the machine 





* The Rand Corporation. 
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must be stripped down for replacement, a process resulting in a 
charge c, representing the labour cost involved and a cost c, repre- 
senting lost production time. A replacement bladder costs c,. Once 
the machine is stripped, the cost of replacing the second bladder is 
the cost of the bladder alone. 

By replacing bladders before failure, the faulty tyre expense, Co, 
and lost production cost, c,, can be avoided. However, such a policy 
will necessarily involve the purchase of more new bladders and 
require more labour than the replace-after-failure policy, and therein 
lies the problem. 


Dynamic Programming Formulation 

The dynamic programming approach to multi-stage systems? is 
to view the process as a sequence of related single stage decision 
problems, each of a similar type, and to express this property in the 
form of a recurrence relation. Let us begin by defining 


I y(i,j) = total expected cost of producing N additional tyres 
where bladder 1 has already produced j tyres and bladder 2 
has produced / tyres, where an optimal replacement policy 
is used. 


We seek f,(0,0)/N, the expected average cost per tyre of producing 
N tyres where we start with new bladders and use an optimal policy. 


Of even more interest is the corresponding replacement policy. We 
define p; (i = 0,1,2,...) as the probability of successfully producing 
a tyre with a bladder that has already produced i tyres and assume 
that these quantities are known on the basis of experience. Then, 
recalling the definition of (i,j), we have the recurrence relation: 
fyi, j) = min (3.1) 
Produce: 
PiPifv—Ait+ 1,7+1) 
+(1—p,) (1 —p;) (2c, + 2c, +¢3 + ¢4+fy(0, 9)] 
+(1—p;)p; min [c, +e, +03 +¢4+fy_10,/+ 1), 
2c, + Cotlg+e4t+fy_ (0, 0)] 
+p (1 —p;) min [ey +¢.+¢3+C4+fy_ii+ I, 9), 
2c, t+cot+Cgt+e4tfy_1(0, 0)] 


Replace bladder i: c,+c¢,+f(0,/) 
Replace bladder j: c,+¢3+f (i, 9) 
Replace both: 2c,+¢3+fy(0,0) 





The above equation evaluates the expected costs of each admissible 
decision as the sum of the immediate cost plus the expected cost of 
optimally producing the remaining tyres after implementing the 
decision, and chooses the best alternative. The problem is solved by 
computing the cost of producing | tyre, f,(i,j), and then using 
equation (3.1) to evaluate /, using f;, /, using fg, etc. 


A Numerical Example 
For purposes of comparison, we adopt the following hypo- 
thetical figures used by Sasieni: 
Cost of purchasing a bladder, c, = 50; 
Cost of scrap, per scrapped tyre, c. = 1; 
Labour cost of stripping machines, c, = 2; 
Cost of lost production time, c, = 3. 


Probability of success: 
No. produced x 0 1 2 3 4 5 6 
Probability of 
SUCCESS Pz, i O89 O8 06 O4 O02 0 
Successive iteration of recurrence relation (3.1) yields the 
following results: 


(1) For processes producing more than 15 tyres, the optimal 
policy converges to (a) replace any bladder that has made 
6 tyres, (b) replace the other bladder at the same time if it 
has produced 5 or more tyres when the machine is stripped 
due to either policy or failure. 


(2) The cost of each additional tyre converges to 16-94 after 
about 47 tyres have been produced. 


A Further Example 


In the above example we have used the cost factors found in 
Sasieni’s paper. Our results closely approximate his conclusions. 
Let us now reduce the cost of a new bladder from 50 to 10 units and 
calculate a new expected cost and optimal policy. 

As. indicated in the following table, we now follow a radically 
different policy. The policy yielded by iteration of equation (3.1) no 
longer has the simple form assumed by Sasieni: replace the older 
bladder when it has made m tyres and replace the other bladder at 
the same time if it has produced more than n tyres. Indeed, use of 
any such policy will yield an average cost greater than 6-364 per tyre. 
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TABLE OF RESULTS 


2 3 

P-2 P-2 

P-2 P-2 

P-3 P-3 

P-3 P-3 
R-1 R-1 P-3 P-3 
R-! R-1! R-1 P-3 R-2 
R-1 R-1 R-| R-2 R-2 


where P-1 means produce, and if a bladder fails, replace only that bladder. 
P-2 means produce, and if the newer bladder fails replace both, if the 
older fails replace only it. 
P-3 means produce, and if either bladder fails replace both. 
R-1 means replace the older bladder immediately. 
R-2 means replace both bladders immediately. 
i is the number of tyres previously produced by bladder 1. 
j is the number of tyres previously produced by bladder 2. 


Average cost per tyre: 6-364. 


Conclusions 


Dynamic programming is a useful new tool in operational 
research. By exploiting the multi-stage nature of a process, optimal 
policies can easily be generated for many decision processes. The 


numerical calculations discussed above each required only one 
minute computing time on a high-speed digital computer. 

The technique does not involve assumptions regarding the form 
of an optimal policy or trial-and-error testing of various policies. 
Rather, if the recurrence relation includes all admissible choices at 
each decision time, iteration of the relation in the manner described 
above yields the optimal sequence of decisions. The functional 
equation technique is also useful in proving convergence and stability 
properties for such processes. 

See references 3 and 4 for discussions of other equipment 
replacement problems. 
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THOUGHTS ON THE CONFERENCE 
by 
J. WANTY* 


THE International Conference held in Oxford in September 1957 on 
operational research constituted a remarkable experience, both 
because of the great value of a particularly high percentage of the 
papers and discussions, and because of the realization of the rapid 
expansion of operational research throughout the whole world— 
twenty-one nations were represented. The general enthusiasm and 
the fundamental similarity of thought among research workers of 
various origins—though tendencies characteristic of certain national 
intellectual traditions could be discerned—were reassuring and 
encouraging. 

The relatively homogeneous character, from the point of view 
of their scientific level, of those attending, rendered the work of 
the Conference truly useful—by no means an invariable character- 
istic of conferences. 

A careful examination of the papers at the Oxford Conference 
and, in general, of current literature on operational research gives 
rise, however, to a certain number of conclusions. 


The Apparent Importance given to the Stages of a Study in 
Operational Research 


The successive stages of a study in operational research are 
developed in general as follows: 


I. Exact definition of the problem; measure of the accepted 
““sub-optimization”’, the determination of the criteria of 
efficacy to take into consideration. 

. Enumeration of the parameters intervening in the prob- 
lem: controllable factors (system of configuration of the 
parameters); uncontrollable factors (input data). 

. Verification of the existence and pertinence of the basic 
numerical data. 

. Study of the logic of the system to be examined; elabora- 
tion of a pattern. 

. The search for the optimum and the analysis of the 
applicability of the solution found by reference to 
established hypotheses. 
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. Experimentation with the solution when found (if 
possible). 
VII. Forming of the conclusions into practical rules of action, 
which can be used by subordinates. 


VIII. Action. 


Certainly all these stages are equally important, for none can be 
thought of independently. 

It is strange, however, to note that the greater part of the 
studies which have been published or demonstrated concentrate 
too exclusively on stages IV and V. Although the latter obviously 
constitute the technical heart of the process of research, practical 
experience shows that the stages which are particularly crucial and 
tricky are I, II, IIIf and VII, on which current literature seems to 
insist relatively little, too little according to my mind, in relation to 
their fundamental importance. The exact definition of the problem 
is probably the most decisive phase and one of the trickiest of all. 
The proper choice of the criteria of efficacy is often far from evident. 
From this point of view it is quite certain that a problem concern- 
ing private enterprise can be defined more easily than a military 
problem or one relating to public service. In fact, monetary and profit 
considerations play a preponderant though not an exclusive role. 

Even then, some important questions arise: 

What degree of sub-optimization should be accepted? (Sub- 
optimization is always present.) What standard of cost and profit 
should be adopted? (Standards of cost and profit are far from 
being simple.) The answer to these questions does not offer itself 
immediately and it must even be foreseen, in certain cases, that 
the objective of the first studies undertaken will be no more than 
to discover and define the ultimate objectives. 

Here is a region of pure research for the theoreticians of 
operational research: basic study of the objectives and efficiency 
criteria in business, i.e. managerial economics. 

Let us note, in passing, the astonishing absence of references to 
business economics in the reports made to the Oxford Conference. 

On the other hand, a quantitative study cannot be conducted 
except on the basis of numerical statistical data. Moreover, part of 
this will often be arrived at—by experimentation or by observation— 
in the course of the study itself. The pertinence, the validity and 
the margin of error of the assembled data must be examined with 
the greatest care. This is a thankless and an arduous but an essential 
task; the best conducted reasonings and mathematical develop- 
ments will not correct erroneous data and can only lead to false 

195 





conclusions. Statistical data (production, sales, stocks, etc.) en- 
countered in a business are, in at least half the cases, unusable 
in their immediate form; nor can the figures of the accountants 
often be used in their original guise. With certain studies, the 
preparation and the criticism of the numerical statistics should take 
up to 75 per cent of the total time given to the work. 

Lastly, the putting of the conclusions in terms which can be 
assimilated by the staff who are to put them into practice is too 
often passed over. This question has several aspects—demonstrating 
the validity of the conclusions to those who will have to administer 
them (this is a difficulty which is often commented on without 
further action being taken); explaining the meanings of the con- 
clusions to those who are to execute them (this difficulty is rarely 
mentioned); foreseeing the adaptation of the conclusions to changes 
in the variables which influence the system studied (when is it 
necessary to adapt? How? Who will do it?). This is particularly 
important in problems solved by linear programming, in problems 
of stock, planning and transport. 

All this merits, in my opinion, greater attention in operational 
research literature and could even form the object of basic research. 


Current Fields of Action 

One cannot help being struck, when one reviews the works 
which have been published on operational research, by the fact 
that the realms of application of operational research are, basically, 
much more limited than they could and should be. The same 
problems constantly come up for consideration: management of 
stocks, planning and scheduling, transport and traffic, queueing, 
occasional plans for equipping, some (rare) problems of marketing. 
These applications are certainly important and interesting, but the 
field covered by them is a mere nothing compared to what it could 
be, on the plane of top-level management in business. 

The following fields of application are relatively little explored, 
but seem to be particularly important: scientific study of the use 
of expendable capital; of finance plans; of policies for selling prices, 
and speculative buying; of the optimum extent of an undertaking; 
of centralization or decentralization; of foreseeable staff policy 
(structure, number of hierarchical levels, extent of authority, placing 
of elements of staff); of information necessary for the different 
levels of a structure (the word information being taken in its 
widest sense); of the degree and form of decentralization of certain 
functions such as planning (highly centralized planning will be the 
most useful if the information from top to bottom and from bottom 
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to top is rapidly transmitted without deformation---conditions 
which inevitably are never fulfilled and which lead incluctably to 
the need for a certain measure of decentralization); finally, scientific 
study of integrated management (commercial, technical and 
financial) of a business considered as a whole. 

In several of these fields of application the theory of informa- 
tion, developed and generalized, should play a part of first 
importance. 

The broadening of the fields of application of operational 
research cannot, it is obvious, be attained except by arousing the 
interest of those who direct it. 


Codification of Techniques 

This would be an opportune moment for a systematic attempt 
at codification and classification of methods used in the most 
current problems. This could be undertaken by the theoreticians of 
operational research within the framework of university institutions, 
or within that of bodies formed for the purpose. 

The majority of standard problems can be studied by means 
of different examples, each worker naturally tending to adhere to 
the examples in which he is experienced. In this way management 
of stock, for example, can be tackled in very many ways, of which 
many would be perfectly admissible. Another example is relative to 
the problems of production planning where a number of methods 
are applicable. Among others may be mentioned: linear pro- 
gramming (in various forms), dynamic programmes, stochastic 
functions, servo-mechanisms, and analogical techniques. Such 
examples can be multiplied. 

Certainly, the richness and variety of the methods which can 
be applied constitute the trump-card of operational research. It is 
nevertheless time, in my opinion, for a little order to be introduced 
and for the classification according to their validity of the methods 
that can be used, at least in problems which are classical. In fact, 
not all methods are valuable and the conditions under which they 
can be utilized are different. 

Such a work of systematization would consist in: 


reviewing the techniques applicable to a given problem; 
defining the basic conditions particularly favourable or 
unfavourable for each technique; 
comparing one method with another from the point of view 
of their usefulness, their cost and the ease with which 
they can be communicated to managers and staff. 
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CORRESPONDENCE 


BONNIE DUNDEE 

Sir, 

May I point out an error in the poem, “The Ballad of Bonnie 
Dundee (Ltd.)”’, on pages 157-8; for “shortcake” read “‘shortbread”’. 

Yours more in sorrow than in anger, 
A. W. Swan. 
Courtaulds Ltd., 
Coventry. 


Sir, 
“Qu’ils mangent de la brioche”’ (attrib. Marie Antoinette). 
Yours faithfully, 
A. BATTERSBY. 


Rainham, 
Essex. 


THE PuBLIC RELATIONS ASPECT 
Sir, 

The first International Conference on Operational Research 
has enabled a number of prominent experts to exchange views on 
some up-to-date methods of scientific management. Basic problems, 
as well as specific cases for the use of operational research, have 
been shown and discussed. 

For us, who are concerned with the down-to-earth questions 
of day-to-day management, one problem, however, remained open: 
The very big concerns are already building up their own operational 
research departments as staff-functions. Some big and middle-sized 
corporations may already be aware of these new possibilities, but 
many of them are not. If operational research is to play the part 
that we all intend in the economic life of our countries, not only 
very big and middle-sized enterprises, but also smaller ones must 
be enabled to share its benefits. If you approach the president or 
chairman of any company you have to explain to him the mathe- 
matical aspect of operational research or stress the possibility it 
affords to obtain palpable results for reasonable expenditure and 
within a comparatively short period of time. It is quite obvious 
that scientific research will not always be able to live up to such 
expectations. Formulae, graphs and roots may either frighten off 
men of highly practical value but with little mathematical training, 
or induce them to call in their own engineering specialist, who may 
not always relish the idea of introducing new methods. Here we 
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find what I should call the “public relations aspect” of operational 
research. 

Thornton Page has shown us “the value of information in 
decision-making’’. His paper was chiefly concerned with reports to 
managements already convinced of its usefulness. But how is the 
management-adviser to convince potential clients of their real interest 
in applying operational research to their own problems? As I have 
stated, hard and fast results cannot always be promised. Mathe- 
matical demonstration may not be applied to all cases. This situation 
could become a real stumbling-block to operational research in a 
quite considerable number of instances. We should be interested to 
know how English and American experts have overcome this 
problem of “‘sales resistance” to a selection of methods, which in 
many cases are “‘the one right way” to make management decisions. 

Yours truly, 
ALEXIS G. JOSEPH. 
Jahnstrasse 19, 
Frankfurt-am- Main, 
Germany. 





FILM STRIP ON O.R. 


A 20-MINUTE talkie film-strip on operational research has been made 
by the United Steel Cos. Ltd., and was shown at the end of the 
Society’s meeting on 21 November. It explains the purpose and 
nature of O.R. in a factory context, for the benefit of management 
and other users of O.R., and greatly impressed all who saw it with 
its clarity of exposition. Further details may be obtained from the 
United Steel Cos. Ltd., Dept. of Operational Research and 
Cybernetics, | Tapton House Road, Sheffield, 10. 





THE COST OF REJECTING OPTIMUM 
PRODUCTION RUNS 


by 
H. R. W. WatTkINs* 


WHERE a number of products are to be made on a plant and to 
change from one product to another costs money, there is a well- 
known method of calculating the optimum amounts of the various 
products to make. Frequently the curve relating total cost (minimized 
at the optimum run length) to length of production run flattens 
considerably in the neighbourhood of the minimum, and this paper 
shows a simple method of calculating the premium to be paid where 
it is thought undesirable to produce at the optimum level; an 
illustration of its use is given. 


Calculation of Optimum Level 


The method of calculating the optimum length of run has been 
fully described in the literature, but for the sake of completeness a 
simplified outline is as follows: 

Suppose we have a plant capable of producing a variety of 
products, and that to change from one to another costs money. 
This cost includes material wastage and labour, and may also include 
a loss of profit through lost machine time. An example is where a 
machine can produce yarn treated in one of a number of ways. 
To change from one speciality to another means money spent in 
machine changes, production of waste, etc. 

Let the cost of such a change be A pence. Then for a run of 
x Ib the changeover cost is 


A 
- pence Ib. (1) 


This cost per lb is reduced by having as long a run as possible, 
but this can only be done at the expense of building up stock. If we 
assume a minimum stock level of y Ib, then the stock rises to a 
maximum of (x+ )) lb immediately after a run and falls to y Ib 
just before the next run. Thus the average level of stock, assuming a 
reasonably non-fluctuating demand, is 


x+2y 
») 


~ 


or (5+») lb. 
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If the amount of capital tied up in | lb of product is B pence and 
the complete costs of stockholding (including required return on 
capital) is p per cent, then the cost of holding this stock can be 


expressed as | 


x 
2 
Let us consider an annual production of C lb/annum. Then the 
stockholding cost can be expressed as 


x Bp 
(5+») 2x 7B pence. (2) 


The sum of these two costs, (1) changeover and (2) stock, is given by 
Bp 
100C 


The value of x for which / is a minimum is found by differentiating 
and equating to zero. We have 


dl i —A 


dx x? 
,. aaa 
whence X2 = Bp or (4) 
where X, is the length of run which will minimize the sum of the 
two charges. It will be noted that the result is independent of y, 
the minimum stock level. 


p 
Bx— , 
+») x 100 pence 


+ (5+) pence/Ib. (3) 


x 


Illustration 

Let us consider the production of two yarns, one of which 
requires 50d to be laid out in its production, the other taking 100d. 
We will also assume that in changing either product there is an 
outlay of £37 10s (9,000 pence) involved. If, further, we assume 
that we require a 20 per cent return on capital and that we shall 
start another run of either product when the amount of that yarn 
in stock falls to 1,000 lb, then we can calculate the values for the 
optimum length of run in each case for given annual productions. 


Case 1. Annual production, 10,000 Ib: 


y.- I= 9,000 x 10,000) 4,200 Ib (approx.) 
50 x 20 Y for the 50d yarn, 


a ay 3,000 1b 
o= 








100 x 20 - for the 100d yarn. 








100d Yarn 





C=10000 Ib/Year 


50d Yarn 


Costin Pence/ Ib 


100d Yarn | 


C =50000 Ib/ Year 
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Case 2. Annual production, 50,000 Ib: 


y= Jj 200 x 9,000 x _— __ 9,500 Ib (approx.) 
pre ( 50 x 20 e for the 50d yarn, 


c / 200 x 9,000.x 50/000 _ 6,700 Ib (approx.) 
, | 100 x 20 * for the 100d yarn. 








The appropriate curves are plotted in Figure I. 


Producing below Optimum Amount 


If we consider Case 2, we find that for the 50d yarn the optimum 
run length is 9,500 Ib, and since we are working with a minimum 
stock level of 1,000 Ib, this means that just after a run there will be 
10,500 Ib of this yarn in stock. Now while the sales forecast may 
indicate that this yarn will sell at the rate of 50,000 Ib a year, we 
may be unhappy at the thought that a sudden change in fashion 
may leave a large part of this stock on our hands. Or again, there 
may be a shortage of warehouse accommodation which makes such 
a length of run undesirable. Consequently we are interested not only 
in the optimum length of run, but how much it will cost to run at a 
lower level. The general case may be developed as follows: 

From equation (4) above we have 


n> JPRS) 


Inserting this value in equation (3) gives 


A " 
Ih wallyh v (5) 


where /, is the minimum value of the sum of changeover and interest 
changes, expressed as pence/Ib of product. 
ae Mee 


Since, 3), J=-— nde 
ince, from (3), / x tI00C ty 


we find by subtraction that 
.. 3 ae oe dy 

ee pe fae, Ee. SN a 

ian i: X,/ * 100C \2 | 

{ A 


= (X)-x)\— | 


Bp 
lex, 200C| pence/lb. 





For an annual production of C Ib, we have 
‘ ; AG: Bp 
(1—1,) C = (X,—x) ar 308 pence/annum, 


and this is the ‘premium’ we must pay in order to reduce the length 
of run from YX, to x Ib. It is thus simple to calculate the cost of 
reducing the run length, and as an illustration the previous example 
will be taken. 


We have A = 9,000d, p= 20 per cent. 
Annual production, 50,000 Ib. 
For yarn at 50d/Ib, Xqg= 9,50, B= 50. 
If we reduce the run by 1,000 Ib, so that x = 8,500 Ib, we have 


9,000 x 50,000 50x = 
9,500 x 8,500 200 





Premium = 1,000 


which reduces to £2:-32. 


We can quickly obtain the values for any other run length and 
can construct the following table: 


Annual Production 50,000 Ib 
Run length (lb) Premium paid (£) 

9,500 Optimum 
8,500 2-3 
7,500 : 
6,500 
5,500 
4,500 


We can similarly obtain tables for the 100d yarn at the same 
production level, and for both yarns at 10,000 lb/annum; these are 
summarized in the form of Figure 2. 

If to undertake a run of the optimum length involves the pro- 
vision of extra warehouse accommodation, the extra charge, if any, 
can be calculated for run lengths below the optimum and then the 
sum of this warehousing charge plus the premium for producing 
below optimum weighed against the warehouse charge for the full 
optimum amount. Another case where runs below optimum may be 
desirable occurs when the nature of the product or the market is 
such that there is a probability of considerable error in the forecast 
of the demand for the product. In such cases the cost of reducing the 
average level of stock by reducing the run length can be calculated. 
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NEW METHODS OF SOLVING 
LINEAR PROGRAMMES 
by 
M. A. AczeL and A. H. RUSSELL* 


Tue last few years have seen a great advance in mathematical 
planning. The essence of the method is the setting up of a mathe- 
matical model incorporating as variables the quantities over which 
the planner has a choice. If there are ” variables involved, each plan 
is equivalent to a point in n-space. The feasible plans are then 
equivalent to a set of points in n-space which can be called the set 
of feasible points. The planner aims to find the maximum of a certain 
function over the set of feasible points. 

The project of making mathematical planning ‘a tool in deter- 
mining the optimal economic policy that corresponds to a given set 
of social value judgments or political goals’ is being actively carried 
forward by Professor Frisch.! He has already done important 
work on the setting up of a mathematical model of the Norwegian 
economy”* and has devised an ingenious technique for translating 
the aims of the politician into the maximization of a mathematical 
function. 

In a number of cases both the function to be maximized and 
the set of constraints have been found to be linear forms in non- 
negative variables. Under these conditions mathematical planning is 
called Linear Programming. 

Linear Programming. Linear programming has been applied 
successfully in a number of firms. It is already in routine use in 
dealing with problems of transportation and gasoline blending. 
Research is being actively carried out into applying L.P. to problems 
of steel-making, sales policy, and raw materials purchasing. 

In a number of cases the collection of data to make a realistic 
model is an enormous task. An equally difficult problem is the 
determination of the function to be optimized as it involves the 
translation of complex value judgments into mathematical terms. 
Furthermore, it is certain that many of the problems that will be 
encountered in the future will involve a very great number of variables, 
and this presents the problem of achieving economical methods of 
computation. 

Computation. The accepted method of solving L.P.s is the 
simplex method, as developed by Dantzig.® This gave for the first 
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time an iterative procedure by which the solution of the problem is 
found in a finite number of steps. It is flawless from a mathematical 
standpoint, but it is certainly not the quickest possible procedure 
for obtaining a solution. Unfortunately, up till now it seems to have 
been the general practice to programme electronic computers to 
perform according to the simplex method. The following paper is 
an account of research into obtaining methods which are less wasteful 
in computer time and computer capacity. 


Change of Basis 


General formulation. L.P. consists of maximizing a price func- 
scam Xg=c+p.x (1) 
under the constraints 

Ax =b (2) 
x,20 (for i= 1,...,2+m) (3) 


where x’ denotes the vector (x), ...,Xn4m), Pp’ the vector (pj, ...5Pnim)s 
A denotes the mx(n+m) matrix with elements a;;, b’ denotes the 
vector (b,,...,5,,) and is called the requirements vector. A, b, p are 
given (c does not really affect the problem) and it is required to find 
x which maximizes X,.® ? 

Minimizing a functional x, under the constraints (2) and (3) can 
be seen to be equivalent to the problem of maximizing —x,, and 
therefore the problem of maximization covers that of minimization. 

Basis form. Take subset s (always consisting of m members) 
from the set (1,...,2+m). Let (y,,...,y,,) be the subset remaining. 
Form the square matrix (a,1,...,€,,,), Called the basis (where a; 
denotes the ith column of A). If this square matrix is non-singular 
its inverse can be found. Pre-multiply (2) by this inverse. Writing out 
the resulting equations 


Xy +20 ay; %; 


jes 


x 


. s ~ we s 
ym + 2 9mj Xj = OF 


mj “J a 
jes 


The x,’s can now be eliminated from the price functional, giving 


Xp = co + Pj x;- (5) 

jes 
The x’s whose subscripts belong to s are called free variables, and 
X'S, which are expressed as functions of the free variables, are called 
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basis variables. The equations (4) are now said to be written in 
basis form. 

Any subset s which defines a non-singular matrix will divide the 
x’s into free and basis variables. If, furthermore, 6; 20 (j = 1, ...,m) 
then the set is said to be feasible. A point can be associated with 
each feasible set in the following way: let x,, = bj,x; = 0 (jes). The 
basic theorem of L.P. states that if the problem is not degenerate 
the maximum of the functional is attained at the point associated 
with an s for which p;<0 (jes), if there is more than one s with this 
property, the value of the functional at all these s is the same. 
Certain modifications have to be introduced in case of degeneracy, 
i.e. when some of the s have singular matrices associated with them, 
but these will not be dealt with here, as degeneracy seems to occur 
rarely in practical cases. 

The tableau. Two distinct operations were involved in putting 
the equations into basis form: (a) pre-multiplying (2) by a certain 
matrix, (b) eliminating bound variables by using relations (4) to 
obtain (5). It can be shown that both these operations could be 
achieved as a result of one operation on an increased matrix called 
the tableau. This is the fact behind the neat presentation of the 
Simplex Tableau. Write 

n+m 
Xo=ct+p’.x as Xp— DY pjX=e, 
j=l 
and as long as the transformation keeps x, as a bound variable, it 
will automatically give both (4) and (5). The tableau is therefore 


c l —Py —Pn+m | 


mF Mie: 0s > Cine 


(6) 


by, 


and we proceed as before, being careful always to include the first 
column and never the second in the new s (which now has n+1 
members out of a possible of n+m+2). All transformations can 
now be presented as pre-multiplications of the tableau. 

Change of basis. As can be seen from above, the problem of 
L.P. is to find an s which is feasible and gives the optimum. The 
feature most iterative methods of solving L.P.s have in common is 
the movement from one feasible s to another feasible s giving a 
higher value of the functional. This is achieved by certain matrix 
operations on the tableau. The use of partitioned matrices seems to 
give the simplest way of exhibiting such operations, as it can be 
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shown that if certain conditions are fulfilled the sub-matrices of a 
partitioned matrix can be treated just as if they were matrix elements. 
The tableau is written down in partitional form, the number above 
a matrix indicating the number of columns, the number at the side 
the number of rows. By convention the square matrix / is taken to 
have | in its diagonal and zero elsewhere, while the matrix O has 
zero everywhere. By suitable re-arrangement the tableau can be 


written 





basis free basis free 
Y } y Y 

basis _ basis free free 
In this case the first row at the bottom gives the status of the variables 
whose columns of coefficients the matrices above them gives. The 
second row at the bottom gives the fate of the variables in the change 
of basis for which we have re-arranged and partitioned the matrix. 
As can be seen in this case, r free variables are to be replaced by 


r bound variables. 
Pre-multiply by the matrix (B is assumed non-singular) 





This gives | 


basis basis free 


When r = 1, (8) can be seen to reduce to 
m ] 


f »m+1 


,m+1 


»m+1 


m+1 


1} O 


. bn+1, ey 
which gives the simplex step. 











Inverse of the basis. A simplex step consists of a change of basis. 
A number of simplex steps can be looked on therefore as a multiple 
change of basis, and can therefore be obtained by pre-multiplying 
the tableau 7 by a certain matrix. Let us suppose that the final 
tableau after the nth step is given by B, T, where B,, is the inverse 
of the basis. It will now be shown that if B,, is given then the whole 
multiplication represented by B, T need not be carried out. In order 
to perform the simplex step the greatest transformed price has to 
be known. Therefore the top row of B,, T has to be found. This price 
now fixes the column of the free variable which is to enter the basis. 
The transformed requirements vector has to be found to give the 
basis variable this free variable has to replace. Once that is found 
the matrix D,, which just depends on the transformed column of 
the free variable can be found, and pre-multiplication by D,, will 
give the new tableau, or 


Brw= D,, B,. (11) 


It follows that as long as B,, is calculated, only one row and two 
columns of B,, T need be calculated to obtain B,, ,;. 

The calculation of B,, and not all of B, T saves a great deal of 
labour. It is also very important on electronic computers where T 
may be too large to be stored within the computer. Only B,, need be 
stored in the computer and 7 can be kept on the paper tape. Not all 
of T has to be read into the computer and operated on at each 
iteration.* 


A Suggested Method 


A method has been developed by one of us which entails a 
considerable saving of time and labour in certain L.P.s. The principle 
of the method is this: let us suppose the equations are in basis form 


MV gs ie ee 
Xy, + 264; %; bi 
jes 


a ye . = fs 
Xm ~ Qnj x bi, 
jes 


Xo = C8+ 3 p§ x; 
jes 





* The basis inverse method was pointed out to one of us by Dr. S. Vajda 
in private conversation. 


210 





where s has n members. It is guessed that all x’s with subscripts in s 
are going to be zero in the final solution except for x, , ...,x,, (where 
r<n). If the variables that are guessed to be zero are put equal to 
zero straight off, then a set of equations containing very much fewer 
coefficients is obtained: 


x 


NM 78 x =~ fs 
Ry, F 24 15 Xp, bY 
P 


‘ 

\’ s a Ss 

xy + 2 ain j%p, = bs, 
J = 


a 
— wf > Ss 
Xo = c?+ =P; Xp, 
J= 


If the functional of this restricted problem is maximized, a final 
solution is obtained of the form 

i, OP, 00.5 %q, > OF ; 
for all other 7 in the restricted L.P.). The value of the functional 
c% >c%, It is easy to see that 

.+>Xq,, = 5%, all other x = 0) 

satisfies (4), and gives a higher value of the functional than c’. So a 
number of steps have been taken and the change has been made 
from a feasible s to another feasible s, giving a higher value of the 
functional without considering the whole matrix. It will now be 
shown that the final tableau of the restricted L.P. contains the 
information necessary for obtaining by matrix multiplication the 
final tableau of the whole L.P. corresponding to (a, ...,«,,) being 
the subscripts of the basis variables. This means that the maximum 
obtained from the restricted L.P. can be tested for optimality in the 
whole L.P. and that the whole tableau is available for further itera- 
tions. This is most easily shown by the basis inverse method. Let the 
restricted L.P. have as tableau 


[TC] 


and the transformation to obtain the maximum be B. Pre-multiplying 
by B gives 
[B BC] 
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which is a final tableau in basis form, i.e. it includes scattered through 
its columns the matrix J, has x, as a basis vector, and has the trans- 
form of the requirements vector a vector with positive elements. 
If the whole matrix is pre-multiplied by B, this gives 


BUI C D\|=[B BC BD), 


then by virtue of the properties of [B BC], the whole tableau has 
the required properties. 

If the optimization of the restricted L.P. has been done by the 
simplex method, then the final tableau of the restricted L.P. will 
automatically contain the inverse of the basis B; the rest of the 
tableau can then be obtained by pre-multiplying D by B. Animportant 
consequence is that the final solution of the restricted tableau can 
be tested for optimality by calculating the price row of BD. 

Computation. The method of choosing the restricted L.P. has 
not been specified. It does not seem likely that there is one best way 
of doing so for all L.P.s; the choice should depend on the computing 
facilities available and the type of problem to be solved. 

In some practical cases there is good reason for suspecting 
which variables will be zero in the final solution. Where the number 
of free variables is large, it can be much more economical to solve a 
restricted L.P. and only then find the whole of the transformed 
price row to test for optimality. The method has resulted in con- 
siderable saving of labour in some such cases we have been con- 
nected with. 

The main use of this method springs, however, from the nature 
of electronic computers. What follows will refer in the main to the 
Ferranti Pegasus with which we are best acquainted. Pegasus has 
two storage facilities : a computing store holding relatively few words, 
and a magnetic store. It can also read, but at a relatively very slow 
rate, from an input paper tape. Both the matrix and the computing 
programme have to be stored, and for any relatively large L.P. the 
matrix has to be kept on the paper tape. The inverse of the basis is 
then kept in the main store. Some points about the use of the suggested 
method on this type of computer will now be pointed out. 

(1) Reduction of number of iterations. A 13 x 3,000 L.P. was 
recently solved; each iteration took about 15 minutes, of which 
13 minutes were taken up in reading in the matrix from the tape. 
The whole matrix had to be read in at each iteration as the free 
variable to be introduced was chosen as the one with the greatest 
transformed price. The slowness in reading in has led Dr. S. Vajda 
to suggest introducing the first variable with a positive price. The 
method suggested above would introduce more than one variable at 
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a time. For instance, the first r with positive prices could be introduced 
in the restricted L.P. (if there are less than r with positive prices, the 
remainder could be introduced with negative prices). It does not 
seem at all improbable that the method would halve computing 
time, as very much more computation would be done at each itera- 
tion, reducing considerably the number of iterations. 

(2) Special programme for restricted L.P. The computing pro- 
gramme could be made relatively simple by choosing the number r 
so as to fit in with the system of block transfers and the special 
nature of the computing store. 

(3) Accuracy and storage. At each iteration a certain amount 
of accuracy is lost. This means that the number of decimal places 
(or of significant figures if ‘floating point’ system is used) to which 
the basis has to be stored has to be large so as to obtain an accurate 
final answer. It follows that the more iterations are involved the 
greater is the amount of storage capacity required per number. 
The size of L.P. to be solved is thus limited by two factors which 
work in conjunction: not only more numbers have to be stored, 
but they have to be stored to greater accuracy as the size increases. 
It follows that decreasing the number of iterations can greatly 
increase the real capacity of the computer. The way this could be 
achieved by the suggested method is by using great accuracy in the 
solution of the restricted L.P., thus ensuring that the inverse of the 
basis of the whole L.P. can safely be kept to only a smaller degree 
of accuracy. 


The Double Gradient Method of Professor Ragnar Frisch 


The method developed by Professor Frisch to tackle the large- 
scale macro-economic problems with the aid only of desk calculators 
is described by him in a set of memoranda.* The basic principles of 
the method are twofold: (a) By defining a direction pointing into the 
convex polyhedron of feasible solutions to increase the functional 
by movement through the polyhedron. (b) By eliminating variables 
whose final status can be reliably predicted to compress the problem 
as work proceeds. 

The problem is assumed to be stated in a basis form similar to 
equations (4) with (1,2,...,”) as the basis set s but with the free 
variables transposed to the right-hand side. In this section all vectors 
refer to the n space defined by the free variables. 





* In particular, reference (8). 





Thus the problem is to maximize 
Xy = c+p’.x 


under the constraints 


x = a, tm, ot x Anim, 5% 


“nH+m 
j=1 


x,20 ((=1,2,...,.n+m). (3) 


It is further assumed that an initial solution x® is known which is 
feasible; that is, that substitution in (4”) yields 


x8>0 (i= 1,2,...,n+m). 


Movement through the polyhedron. Because the solution space 
is a convex polyhedron it is possible to move in a straight line seg- 
ment entirely within the polyhedron from any feasible solution to 
the optimum. Finding the direction to the optimum from any point 
in the polyhedron is of course equivalent to solving the original 
problem, but it is possible to choose a direction which approximates 
to the optimum direction and thus to cut through the polyhedron 
instead of proceeding along the edges as in Simplex. 

The property which any such direction of movement must have 
is that it should increase the functional or at least move to a position 
from which improvement is possible. An obvious choice is the 
preference direction p. A movement in this direction will, however, 
be exhausted in one step when a boundary is met and further move- 
ment in this direction leads to non-feasibility. 

The logarithmic potential gradient. Professor Frisch has defined 
this direction as follows: 


Let ; - a ee. (13) 


Then the derivatives of V with respect to x,,X»,....m are taken as 
vector components of the logarithmic potential gradient. Thus 
OXnse 


‘hel 7 
Xnir OX; 





Now from (4”) 


n 
Xntr = Ange ot Anse j Xj (r= fy Seeee | 

j=l 
Which gives 


l m i. 
Vp, = — yy Ant (ke «1,2. .,.5@> (14) 


Xk r=1 Xntr 
This vector V = (V,, V5,...,V,,) has the property of pointing away 
from the nearest boundaries. It is defined for every point inside the 
polyhedron, but in order to define it at the boundaries it is necessary 
to omit in the expression (14) those parts of the summation made 
infinite by zero-valued variables. ‘This leads to the final definition 
] m : x;>0 (k = i ee ; 
V, + —+ F Set (14’) 
Xe r=1 Xntr Rea Ga Id, .. qh 


This somewhat arbitrary procedure is justified by the fact that 
it is not desirable to force oneself away from boundaries which are 
very likely to be attained at the optimum in any case. 

The calculation of the logarithmic potential gradient is affected 
as follows: 


(a) Form the vector 


— 


nm 


where if x, = 0 the a-component is itself zero. 


(b) Multiply this vector into the matrix derived from (4”) 


a — 


] 


eo 


an+1, 1 an+ 1,2 ay +1, n 








= anim, 1 +m,2 Anim, n a 


The double gradient method. The direction V° corresponding to 
the position x® is thus found. This is taken in conjunction with the 
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preference direction p and the movement is made to the position in 
this plane at which the functional is a maximum. The movement to 
be made is thus Ap+yV° where A,» are to be determined optimally 
in the following manner: 


The new position is 
x! = x°+ Ap+pV. 
Thus the increase in the functional x, is 
p .x!—p’.x® = p’.(x°+Ap+pV°)—p’.x® 
= Ap?+pp’.V°. (17) 


The non-negativity constraints implied by (4’) and (3) have to be 
considered. By (16) the constraints on the free variables are simply 
xO+Ap;t+pVP>0 (j= 1,2,...,m). 
Now for the basis variables we have 
n 


= Anirot Danis j (x9+Ap;+peV?) 


os. 


nr n 


~ % 0 
‘i A 23 Qn+r jPi te a an+r, j Vs 
: jut 


52 a 
re Xnr 
j=1 
Now write 
it 


z. DY @n+r,5P; 
1 


j= 
(19) 


n 
Ve cv py An+rj V; 


j=1 
and the vector equation (16) can be extended to cover both basis 
and free variables in the form 


xi= x9+Ap;tpV$ (i= 1,2,...,.2+m), 
and the two-dimensional problem may be written as 
maximize Ap?+ pp’. V°, (17) 
subject to X9+App+pVP>0 (i= 1,2,...,n+m). (21) 


This is in the form of a two-dimensional L.P. without non-negativity 
restrictions on (A,). The coefficients p,,,,V,,, are calculated by 
multiplying the vectors p and V respectively by the corresponding 
rows of the matrix (15). 
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Professor Frisch has developed a method particularly suited for 
the two-dimensional problem in the context in which it is set, but as 
an ordinary graphical solution can be used this is omitted from this 
description. 

The position x! thus determined by the subsidiary L.P. is taken 
as the starting-point of the next round. 

Truncations. Were this the whole of the method it would probably 
be no great saving in computation or accuracy. Fundamental to the 
method, however, is the idea of truncation. Those variables which 
after a few rounds by the double-gradient method appear very likely 
to be zero in the optimum are made into free variables and made 
identically zero. This is called a free truncation. Variables which 
appear very unlikely to be zero in the final solution are considered 
to be redundant bounds and are brought into the basis and their 
defining equation dropped from further work. This is called a basis 
truncation. The changes of basis are achieved by a multiple change 
of basis in which only those coefficients not involved in the trunca- 
tions need be calculated. 

It is generally safe after each step to truncate so as to leave 
only two-thirds of the previous degrees of freedom. The expected 
number of steps required in order to solve the problem (i.e. leave 
only a two-dimensional problem) is N given by 


m(§y"-1 = 2 


or N = 5-68 log,)>n—90-71 2) 


where n is initial number of degrees of freedom. This gives the reason 
for the great importance of the Frisch method, log,)” increases very 
much more slowly than n—for 100 degrees of freedom 11 steps 
would be needed, for 1,000 only 17. 

It is difficult to formulate rules as to what may safely be trun- 
cated and what must be left and this, quite apart from storage diffi- 
culties, makes the possibility of using this method on a computer 
problematical. No foolproof criterion can be given.* The method 
recommended is to form the ratio at each iteration between the 
value of the variable after and before the double gradient step. 
The variables are ranked according to the value of the ratios. The 
lowest being candidates for free truncation, the highest for basis 
truncation. The progress of these ratios, the rankings, the variables 
themselves and the two-dimensional L.P. together give a reliable 
guide to truncations. 





* Professor Frisch has indicated in a recent letter that his newer methods 
do ensure feasibility at all times. 
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Failure to improve the functional. It may be that at some point 
it is impossible to improve the functional by the standard procedure 
even though the optimum has not been achieved. The plane defined 
by the preference direction and log. pot. grad. no longer cuts the 
polyhedron in any point having a higher value of the functional. 
Two methods are here suggested for extricating oneself from this 
position: 


(1) It may be that an improvement in the two-dimensional 
problem would be possible but for one or two constraints. 
This is a strong indication for truncating these ‘conflicting’ 
bounds and this can be taken to be the next step. 


The log. pot. grad. has failed to point sufficiently into the 
polyhedron. A new direction is defined. This is a straight or 
weighted mean of the normals to all the boundaries attained 
at the position at which we are stuck. Thus suppose 


Xq 


The normal to x, 


Ay 
n 


Y 772 
p> ay; aj 
j=1 j 





is given by 


and the direction to be used is the mean or weighted mean 
of the normals corresponding to the set «, B,..., y. 


The terminal jump. Eventually a position at or near a vertex 
which is strongly suspected to be optimal will be reached. A ‘terminal 
jump’ is made. Those variables appropriate to that vertex are put 
equal to zero and the remaining system of m equations in m unknowns 
given by the original basis form is solved. If some of the variables 
are negative the solution is not feasible. In this case a method such 
as that one described by Dr. Vajda* can be used to regain feasibility. 

If the solution proves feasible, the prices of the new basis set 
are calculated from the inverted matrix as a test of optimality. 
If this vertex proves not to be the optimum progress is continued 
by retreating into the polyhedron towards a point previously 
encountered and continuing the double gradient method. 





* Page 62, reference (7). 
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Conclusions 


Two methods have been outlined as giving promise of greater 
efficiency than the accepted simplex method. It is hoped that this 
paper will have shown that there is much scope left for imaginative 
research into the computational side of the increasingly important 
field of mathematical planning. 

The authors wish to thank Professor Frisch for his encourage- 
ment and the United Steel Companies Limited for permission to 
publish. 
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LOCATING INDUSTRY 


BIRMINGHAM UNIVERSITY has announced that a Fellowship in the 
Faculty of Commerce and Social Studies ‘‘for research in the general 
field of the location of industry” is being set up. The Bournville 
Village Trust, Cadbury Brothers Ltd. and the Paul S. Cadbury 
Trust have financed the Fellowship. It was stated that the intention 
was to make a systematic and useful study of the problems arising 
out of the current distribution and redistribution of industry, 
particularly in the Midlands area. 





O.R. IN SOUTH WALES 


TWENTY O.R. workers and others met recently in Abergavenny, 
Monmouthshire, to discuss the holding of local meetings on the 
application, methods, and philosophy of operational research. 
Three meetings were planned as a beginning, at which these papers 
will be given: 
The International Development of Operational Research. A report 
back on the Oxford Conference by G. H. L. ANDREw, 
R. A. Acton, and S. L. Cook. 
Centralized O.R. in a Steel Company. Case Studies from 
Richard Thomas & Baldwins. 
Decentralized O.R. in a Textile Company. Case Studies from 
British Nylon Spinners. 


Depending on the success of these meetings, future activities 
will be arranged. At present the purpose is to give a forum for 
discussion between practitioners, rather than to bring O.R. to a 
wider audience. Meetings will probably be in Newport or Pontypool, 
to attract people from as far apart as Bristol and Swansea areas as 
well as Cardiff and Monmouthshire. 

The question of a name has yet to be decided: Local O.R. 
Discussion Society, South Wales O.R.D.S., or Monmouthshire 
O.R.O.? N.? Society, for example. Suggestions are welcomed. 

At present the group has no formal constitution, but if successful 
it may seek affiliation to the O.R. Society. So far, seven of the group 
are O.R.S. members. One or two are members of the R.S.S. or the 
Work Study Society. 

Further details may be had from: S. L. Cook, “‘Arfron’’, 
Holywell Crescent, Abergavenny, Mon. 


ABSTRACTS AND REVIEWS 


Analysis of Multiple Time Series. 
M. H. QUENOUILLE. 
Charles Griffin & Co. Ltd., London, 1957. 105 pp. 24s. 

This is the first of a series, “Statistical Monographs and 
Courses”, edited by M. G. Kendall, and must be considered an 
essential requisite for those investigators who needs must make 
deductions and forecasts from multiple time-series. The author has 
presented his ideas, of which there are many, in a logical and 
readable manner, but the theoretical discussions are primarily for 
the mathematician. 
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The problems considered are concerned with the specification 
of the generation of interdependent time-series and with their corre- 
lation properties. The effects of sampling variations, incorrect 
specification, and estimation of parameters are studied. 

Two valuable features of the book are an interesting description 
of the application of some theoretical methods discussed, and an 
up-to-date and select list of references. 


Introduction to Operations Research. 
C. WesT CHURCHMAN, RusseL L. ACKorF and E. LEONARD ARNOFF. 
John Wiley & Sons, New York, and Chapman & Hall, London. 

x -+ 645 pp. 96s. 

In the words of the authors, this book is written: 

(1) To provide prospective customers of Operations Research 
with a basis for evaluating the field and for understanding 
its potentialities and procedures. 

(2) To provide potential practitioners with a survey of the 
field and a basis on which they can plan the further 
education required for competence with the methods and 
techniques.” 

Despite its introductory character and rather high price, it is 

a book that ought to be on the bookshelf of every O.R. Depart- 
ment. It is still too early to give an exact definition of the field of 
our sciences, and not everybody will necessarily agree to the 
authors’ tentative definition that O.R. is “the application of scientific 
methods, techniques and tools to problems involving the operations 
of a system, so as to provide those in control of the system with 
optimum solutions to the problems’’. But this book is the first 
attempt of a systematic description of O.R. methodology and tech- 
niques, obviously based on a very comprehensive survey of actual 
O.R. studies in the industrial field. In other words, to the definition 
O.R. is what O.R. workers do, here is the reply: This is what we 
do, explained in a concise and not too mathematical way. It is well 
worth being reminded that until the boundaries of our discipline 
are exactly given, this is the only way by which we can be recognized. 

More importantly, the authors attach exact meaning to words 

frequently used in O.R., such as model, method, technique, etc. 
In a field of endeavour, jargon proliferates at an increasing rate, 
but jargon is useful only if it expresses something more efficiently 
than ordinary language; hence the need for an exact terminology, 
and in this book is the first attempt at such a terminology for O.R. 
this reviewer has seen. 
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Very welcome, also, is the authors’ emphasis that the imple- 
mentation and continuous control of a solution is properly part of 
the O.R. teams’ job. 

This book forms a rather large volume, 640 pages, sub-divided 
into ten parts. Part I is a general introduction to the subject and 
includes two case studies. Part II discusses the formulation of the 
problem and evolution of objectives. Parts III to VIII are devoted 
to the various models that have been used in O.R., e.g. inventory, 
mathematical programming, queueing, replacement and game 
theoretical. Part 1X discusses the testing, control and implementa- 
tion of solutions, and Part X reviews the selection, training and 
organization for O.R. One of the chapters in Part VI (Waiting 
Time Models) is a reprint of Edie’s classical paper on Traffic Delays 
at Toll Booths. 

There are extensive lists of references at the end of most 
chapters, 440 in all, of which some 300 refer to research papers 
and articles. Only about 40 of the references are to works of 
British authors. 

The authors’ names guarantee that a reviewer would be hard 
put to find fault with their exposition. One query, however, must be 
made. On page 375 it is stated that in a linear programming problem 
of 90 variables and 21 restrictions the simplex tableau consists of 
127 columns and 23 rows. Should not that read 113 columns? And 
there is a similar overstatement of columns on page 379. 

One further point that may be made is that perhaps not 
sufficient emphasis is placed on the role statistics plays in O.R. 
A novice reading this book may easily get the impression that 
statistics is mainly used in the control and implementation of a 
solution, and this impression is reinforced by the fact that practically 
all the references to statistical texts appear in this part of the book. 

And may this reviewer be allowed some special pleading? We 
have got accustomed to use Latin words, such as ‘““maximum’’, 
“optimum’’, etc.; should we not then also use their proper plurals, 
e.g. “optima”, rather than ‘“‘optimums’”? Who could be better 
qualified than the authors, being University professors, to put this 
point in a future edition? E. K. 


Analisis de la demanda (Analysis of Demand). 

HERMAN WOLD (Prof. of Statistics, University of Uppsala). 

Instituto de Investigaciones Estadisticas, Madrid, 1957. (In Spanish.) 
The greater part of this book is based on two lecture courses 

which Prof. Wold gave in 1949 and in 1951 to the Statistical Depart- 

ment of the University of Madrid. The book was written with a 
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twofold purpose: first, as an investigation into the subject of the 
analysis of demand, and secondly as a textbook on econometry. 
It treats systematically the methods of analysing demand and uses 
as examples the practical studies of experts of the demands of 
Swedish consumers. 

The book is divided into five distinct parts. Part I contains a 
general account of the analysis of demand and related subjects, and 
deals with the principal methods of analysing demand. Part II is 
devoted to economic theory, the main theme being Pareto’s theory 
in the fields of preference. Part III deals briefly with theory of 
stationary processes. Part IV elaborates the methods dealt with in 
Part I and attempts to answer a number of questions inherent in the 
subject of demand analysis. Part V consists of a collection of data 
based on official Swedish figures for 1940. 


Operations Research: A Basic Approach. 


American Management Association Special Report, No. 13, 1956. 
111 pp. 


This small book is a write-up of eight papers presented at an 
A.M.A. seminar held at Chicago in January 1956 and repeated at 
New York City in March 1956. A successful attempt has been made 
to keep the mathematics to an intelligible minimum, and in conse- 
quence the book is very suitable for the busy executive. It is also of 
interest to the O.R. man. Much of the material is fresh (particularly 
to the European reader). 

The first paper is a pleasantly written introduction to Opera- 
tions Research, mentioning techniques, the types of problems which 
may be solved, and giving some idea of the size of an O.R. group. 
The latter is of great interest, although the data can be criticized as 
rather inadequate. Even so, it is a valuable guide to any firm wonder- 
ing about costs per man and size of group. Single problems run 
from $10,000 to $100,000 and costs per man from $14,000 to 
$30,000 p.a. The best data on size of group is nine for a company 
in the $320-$640 million income range and 14 for a company in 
the $640-$1,300 million income range. 

The second and third papers on the place of O.R. in a concern 
and acceptance of O.R. are less suitable to the British scene. At 
any rate the seven basic considerations on pages 37 and 38 seem 
couched in strange language. 

The next four chapters are case examples. Chapter 4, on alloca- 
tion of resources, is an account of a new method of stock control. 
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It takes into account seasonal variation in demand and claims 
improved accuracy of prediction of demand. 

Chapter 5, on product distribution and multi-plant scheduling, 
is a disguised example of four plants supplying 85 branches in six 
divisions. It is a linear programming example, simplex method. 

Chapter 6, on an engineering laboratory, discusses in some 
detail problems of machine reliability and maintenance costs. The 
laboratory works on a contract basis and O.R. methods are used in 
estimating costs, planning and allocation of resources. They have 
also been used in automation projects. 

Chapter 7 is not up to the standard of the other case examples. 
It is not very specific as to details other than organization and 
machines. 

The final chapter is a look ahead (and a retrospect!). Its review 
of the past and present is valuable, its look forward less attractive. 
But if it stimulates others to think about the future of O.R. it will 
have more than justified its inclusion. 

All in all, this is a valuable little book which can be commended 
to all classes of readers. 

_& 


Unternehmensforschung (Operations Research). 
Epirors: S. SAGOROFF and A. ADAM. 


Statistical Institute, Vienna. 

This new quarterly carries the sub-title “Operations Research’ 
and is published in the German language by Physica-Verlag, 
Wiirzburg. The subscription is DM.20 per volume of four issues. 

It seems to be directed mainly to practical applications of 
mathematical methods. One of its features is an advisory service to 
subscribers, similar to the readers’ question page in Applied Statistics. 

In the number under review (Vol. 1, No. 2), four questions are 
dealt with: (1) on estimating the weight of dry matter of a product 
which has a variable water content; (2) on productivity measures; 
(3) on the usefulness of matrix computations in business; (4) on 
the relationship between relative and absolute sampling size. 

Of the four articles in this number, the first is a description of 
the formulation of a transportation type linear programming matrix 
and method of obtaining a good first feasible solution. This article 
is rather unfortunate in that it leaves the impression that a good 
first solution is a sufficient aim and that optimal solutions are of 
little importance. 

The second deals with the use of correlation methods in time 
and work studies. 
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The third is on some aspects of statistical quality control. 
The fourth article is a short essay on the possible uses of 
electronic computers in business. 


There are, at least in this number, no book reviews. 
E.R: 


MANAGEMENT AND OPERATIONAL RESEARCH 


UNDER this title the journal Metal Treatment comments as follows 
in its issue for November 1957: 

‘The only comment we would offer in this context is that viewed 
from outside most operational researchers appear deplorably bad at 
self-advertisement. So much of their published work bears a resem- 
blance to those analyses of games of chess, which appear in the more 
expensive daily and Sunday newspapers, and which are only intelli- 
gible to other masters of the game. We are still waiting to read an 
article which explains to the lay mind (not just to fellow mathemati- 
cians) how operational researchers tackled an industrial problem, 
what changes were made as a result of their investigations and how 
much better things were afterwards. If any reader of Metal Treatment 
can help the editor to track down an article of this kind he will be 


extremely grateful.’ 


O.R. IN PRINTING 


THE following statement has been issued by the Printing, Packaging 
and Allied Trades Research Association (PATRA): 

‘A type of investigation which has been given the name ‘opera- 
tional research’ has yielded in many industries extremely beneficial 
results, and a contract has been offered to PATRA by the Depart- 
ment of Scientific and Industrial Research to undertake a pilot 
investigation on these lines in the printing industry as being repre- 
sentative of industries of the more complex kind. 

‘The type of research that will be carried out overlaps to some 
extent with the work undertaken under the headings ‘methods study’ 
and ‘methods engineering’, but concerns itself primarily with the 
inter-relation of different operations or departments within an 
organization, and makes use of more advanced scientific methods 
and statistical techniques for assembling and analysing information. 
The basis of the work must necessarily be a detailed study of the 
operations or departments under consideration, with the object of 

225 





collecting data, the study of which may suggest how the best results 
may be obtained from the plant as a whole. 

“It is realized that it is essential to secure the full understanding 
of, and co-operation from, both management and workers who 
would be concerned in carrying out such researches, and an Advisory 
Panel has been formed, consisting of PATRA members from the 
British Federation of Master Printers, the Printers’ Managers and 
Overseers Association and unions concerned to help PATRA on 
this aspect. 

“Tt will not be until a number of individual investigations have 
been carried out and a general pattern has emerged that a report 
can be drawn up that may be expected to be of value to all PATRA’s 
member firms and to every member of the printing industry. 

“In addition to providing operational data, it is anticipated 
that the investigation will bring to light the technological problems 
which are of greatest interest to the industry, and on which PATRA 
might carry out laboratory work.” 

The Chairman of the Advisory Panel is Philip J. Wright, of 
John Wright and Sons Ltd., the firm which, by a coincidence, prints 
the Operational Research Quarterly. The D.S.I.R. representative is 
Dr. T. E. Easterfield. 


COURSE ON LINEAR PROGRAMMING 


A course of ten weekly lectures is to be held at the Brunel College 
of Technology, Acton, from 14 January, 1958. The course comprises: 
Basic Theory, by S. Vajda (the Admiralty Research Laboratory); 
Linear Programming in the Oil and Petroleum Chemical Industry, by 
D. Caplin (Shell Petroleum Co. Ltd.); Basic Theory Concluded, by 
S. Vajda; Some Commercial Examples of Medium-sized Linear 
Programming, by C. M. Berners-Lee (Ferranti Ltd.); Mixing and 
Allocation Problems, by N. Williams (Unilever Ltd.); Application of 
Linear Programming to Transport and Allocation of Electricity Coal 
Supplies, by J. Stringer (the Central Electricity Authority); An 
Application to Scheduling in the Paper Industry, by Miss A. Doig 
(London School of Economics). 








